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GENERAL INTRODUCTION 
Retinyl ester hydrolase [EC 3.1.1.21} is an enzyme, or 
group of enzymes, that catalyzes the hydrolysis of long—chain 
acyl esters of retinol in the liver (1) and in several other 
organs (2,3). This reaction, which is a key step in hepatic 
vitamin A metabolism, is linked to nearly every phase of the 
metabolism of this nutrient. Therefore, fundamental aspects 
of vitamin A metabolism are reviewed here with emphasis on the 
regulation of metabolic events in the liver. This is followed 
by a literature review of hepatic retinyl ester hydrolase. 
Vitamin A Metabolism 
Obtained solely from the diet, vitamin A is initially 
metabolized by the digestive tract. The most important forms 
of vitamin A in this regard are preformed retinol and retinyl 
esters, and the provitamin A carotenoids, of which 0-carotene 
is the most biologically active member (4). Because of their 
lipophilic character, these molecules behave much like other 
lipids, which are dispersed in the stomach, then emulsified by 
bile salts in the lumen of the small intestine. In this 
physical state, retinyl esters are hydrolyzed by pancreatic 
nonspecific lipase (5) to produce retinol, which, like 
3-carotene, enters the microvillus cell membrane of mucosal 
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cells by passive diffusion (6,7). Hydrolysis of retlnyl 
esters is required for this uptake to occur (8,9). 
In mucosal cells, the bulk of all three forms of vitamin 
A is converted to retlnyl esters, which are Incorporated into 
chylomicrons. Thus, B—carotene is cleaved by 15,15' $— 
carotene dioxygenase (10,11), and the retinal that results is 
reduced by retlnaldehyde dehydrogenase (12). Retinol produced 
in this manner or absorbed from the gut is bound to cellular 
retlnol-bindlng protein type II (13), a protein found almost 
exclusively in the intestine. The role of this carrier 
protein is to provide efficient transport of the Insoluble 
ligand, retinol, to sites of esterlfication in the mucosal 
cell. Retinol is esterlfled by the microsomal enzyme acyl 
CoA:retinol acyltransferase (14,15), although the extent to 
which trans—ester1 fleation occurs is unknown. Vitamin A is 
then packaged into chylomicrons where it is found mainly as 
esters with palmitic and stearic acid, and to a lesser extent 
as unesterlfled retinol (16,17). 
Chylomicrons are passed from intestinal epithelial cells 
into the lymphatic system, thoracic duct, and ultimately into 
general circulation (18). Retinol and retlnyl esters remain 
virtually unchanged in the hydrophobic core of these 
lipoproteins as they circulate in plasma (19). In contrast, 
chylomicrons lose triglycerides through the lipolytic action 
of lipoprotein lipase and they acquire a different complement 
of apoproteins through interaction with other lipoproteins 
( 2 0 ) .  
The outcome of these changes is that chylomicrons rapidly 
become smaller, denser lipoprotein particles called 
chylomicron remnants (21). Because they contain apoprotein E 
that was acquired during their circulation in the plasma, 
these particles are recognized and bound by high—affinity 
cell—surface receptors for apoprotein E on hepatic parenchymal 
cells (22). 
By means of receptor-mediated endocytosis, chylomicron 
remnants are internalized by hepatocytes. The endocytic 
vesicles of which they become a part fuse with lysosomes, to 
become secondary lysosomes (23). Cholesteryl esters and 
proteins are slowly hydrolyzed by lysosomal enzymes, and it is 
at this point, if not before, that the metabolism of 
chylomicron components other than vitamin A diverges from that 
of vitamin A. Retinyl esters, on the other hand, are rapidly 
hydrolyzed during their entrance into parenchymal cells (24). 
It is unknown if hydrolysis is catalyzed by a plasma membrane-
bound hydrolase before endocytic vesicles fuse with lysosomes 
(25), or by a lysosomal acid lipase acting after fusion (26). 
Regardless of the mechanism, the transport of retinol to its 
next site of metabolism in liver cells is probably facilitated 
by cellular retinol—binding protein type I (27). 
After it is taken up by liver, retinol faces a number of 
possible fates in this metabolically active organ. These can 
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be categorized as: 1) secretion into the plasma bound to 
retinol—binding protein; 2) esterification and storage within 
the liver; or, 3) conversion to more polar metabolites, and 
release from the liver. 
The events of delivery and binding of retinol to retinol-
binding protein are not well characterized. Retinol-binding 
protein is synthesized as a preprotein, which is cleaved by 
CO—translational processing to a 3000 dalton peptide and to a 
functional protein with a molecular weight of 20,000 to 21,000 
daltons (28). The carrier protein accumulates in the 
endoplasmic reticulum until it receives vitamin A, after which 
it moves tl^rough the Golgi apparatus and is secreted (29). 
The accumulation of retinol-binding protein in liver 
endoplasmic reticulum is marked in vitamin A depletion, and is 
readily reversible upon the administration of vitamin A (30). 
Plasma retinol is also derived from the hydrolysis of 
stored retinyl esters. Because retinol-binding protein 
messenger RNA transcription and translation appear to be 
unaffected by the vitamin A status of the animal (31), the 
supply of its ligand, retinol, may well control its rate of 
secretion from the liver. The supply of retinol, in turn, is 
governed by a number of factors, including the rates of the 
enzymes that catalyze retinyl ester synthesis and hydrolysis, 
or the rate of transport of retinol from storage sites by 
cellular retinol-binding protein. 
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Hepatic retlnol In excess of that needed by peripheral 
tissues is transported to the endoplasmic reticulum (25) where 
it is esterified by acyl CoAiretinol acyltransferase (ARAT) 
(32). The predominant product of this reaction is retinyl 
palmitate, with lesser amounts of the oleate, stearate, and 
linoleate esters. The activity of ARAT increases when the 
intake of vitamin A is very high (33). Thus, ARAT may not be 
a metabolic control point in vitamin A deficiency or adequacy. 
Instead, it may protect the liver from destruction caused by 
high concentrations of free retlnol when vitamin A Intake is 
high. 
Liver retinyl esters are stored in large (0.5 to 3 
micron) lipid globules where they remain in an inert form 
along with triglycerides, phospholipids, and small amounts of 
protein and of free and esterified cholesterol (34). 
Presumably, retinyl ester hydrolase binds to these globules to 
release retinol for transport to plasma retinol—binding 
i 
protein. Factors controlling the activity of this enzyme in 
vivo may well include substrate concentration, positive and/or 
negative effectors, and subcellular distribution of the enzyme 
and retinyl ester. 
Vitamin A-containing globules are found in two cell types 
of the liver: parenchymal and perisinusoidal stellate cells 
(35). Inasmuch as parenchymal cells exclusively remove 
chylomicron vitamin A from the circulation, the manner in 
which stellate cells acquire this nutrient remains unknown. 
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Most likely, there is a carrier-mediated transport between 
cells. This transfer is very active in vitamin A sufficiency, 
but virtually nonexistent in the vitamin A depleted state 
(36). Purified stellate cells from well nourished animals 
contain significant amounts of vitamin A, retinyl ester 
hydrolase, ARAT, and cellular vitamin A—binding proteins, but 
low concentrations of plasma retinol—binding protein relative 
to parenchymal cells (37). Thus, additional regulation of 
vitamin A metabolism within liver results from its transport 
to, and release from these highly speciallized cells. 
Liver has been shown to catalyze many transformations of 
vitamin A in addition to those described here. These 
reactions include: reduction, oxidation, epoxidatlon, 
Isomerlzation, and conjugation with glucuronic acid or taurine 
(38). These metabolic conversions will not be reviewed here. 
A third important phase of vitamin A metabolism is Its 
transport to extrahepatic tissues where it plays roles in cell 
growth and differentiation and in vision. The transport agent 
for vitamin A, plasma retlnol-blnding protein. Interacts on an 
equlmolar basis with transthyretin in plasma. This 
interaction presumably reduces the glomerular filtration and 
urinary loss of retinol—binding protein through an increase In 
size to a combined molecular weight of approximately 70,000 
Daltons. Vitamin A—requiring tissues possess cell—surface 
receptors for retlnol-blnding protein (39,40). Upon binding, 
retlnol-blnding protein releases retinol, which crosses the 
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plasma membrane. Retlnol may be received by intracellular 
vitamin A transport proteins. 
The molecular mechanism of action of vitamin A in cell 
differentiation and growth is unknown. An attractive 
hypothesis is that it acts through a steroid hormone-type 
mechanism, in Which retlnol or retinolc acid bound to their 
respective intracellular transport proteins Interact with 
specific sites on chromatin to regulate gene expression. The 
other molecular role of vitamin A, i.e, in the visual cycle as 
a chromophore in photoreceptlon, was discovered over fifty 
years ago (41). 
There is good evidence from in vivo kinetic studies that 
most vitamin A is not irreversibly metabolized while 
performing these functions. Thus, vitamin A is extensively 
recycled between the liver and extrahepatic tissues (42). The 
mechanism by which retlnol is returned to the liver Is 
unknown, but it may Involve retlnol-blnding protein, 
lipoproteins, or a water soluble form of vitamin A such as 
retinyl glucuronide. 
It is clear that vitamin A metabolism is a dynamic 
process involving carrier proteins, several enzymes, and 
specialized cells and storage structures which tightly 
regulate its metabolism. Furthermore, the liver plays a 
central role in these processes both quantitatively, because 
It contains most of the vitamin A in the body (43), and 
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qualitatively, because it has the means for interconversions, 
storage, secretion, and excretion of vitamin A. 
Retinyl Ester Hydrolase 
Retinyl ester hydrolase activity of liver is of 
particular interest because of the important role it plays in 
the mobilization of retinyl ester stores and because of its 
possible role in the uptake of vitamin A from endocytosed 
chylomicron remnants. 
Mahadevan and coworkers were the first unequivocally to 
demonstrate retinyl ester hydrolase activity in rat liver (1). 
These researchers made acetone powder extracts of pooled rat 
livers, fractionated the delipidated proteins, and 
characterized hydrolase activity in the 30 to 45% ammonium 
sulfate precipitate. This partially purified enzyme 
preparation required trihydroxy bile salts in order to display 
retinyl ester hydrolase activity. Optimal hydrolysis was 
observed in 19 mM sodium taurocholate, 0.5 mM retinyl 
palmitate, 2 mg/ml Triton X—100, and 0.1 M Tris—HCl, pH 8.6. 
Most of the enzyme activity was found in the nuclear fraction 
(41%) of whole liver homogenates, with lesser amounts in 
mitochondrial and lysosomal (27%), microsomal (18%), and 
cytosolic (14%) fractions. Retinyl palmitate was hydrolyzed 
at over twice the rate of any other retinyl ester tested. 
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This work was Important because It ended over a decade of 
speculation about the existence of a hepatic enzyme for long-
chain retinyl ester hydrolysis. Some investigators had failed 
to detect hydrolase activity because their assay mixture 
lacked trihydroxy bile salts (44). Still other workers had 
been unsuccessful even when using bile salts, for reasons 
which became obvious from the results of a careful 
characterization of retinyl ester hydrolase in rat liver by 
Harrison, Smith, and Goodman (45). These workers observed 40-
fold variability in hydrolase activity between individual 
livers of retinol—depleted rats maintained on retinolc acid. 
Thus, by pooling rat livers, Mahadevan may have observed 
activity that others missed when they assayed rat livers that 
happened to have very low activity. 
Harrison et al. (45) confirmed the previous findings that 
hydrolase activity is widely distributed among rat liver 
subcellular fractions, with about two—thirds of the activity 
in membrane—containing fractions and about one—third of the 
activity in the soluble supernatant. Hydrolase activity was 
optimal, however, under different conditions: i.e., 
hydrolysis was optimal in 10 yM retinyl palmitate, 14 mM 
sodium cholate, in 0.05 M Tris-maleate buffer, pH 8.0. The 
authors also found hydrolysis of a number of other lipid 
esters under identical i_n vltro assay conditions. Of these 
substrates, phytyl oleate and cholesteryl oleate had 
hydrolytlc activities that were similar to retinyl palmitate 
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hydrolase in their subcellular distributions and interanimal 
variabilities. This raised the possibility that either a 
relatively nonspecific hydrolase acted upon all these 
substrates, or separate, but coordinated and closely related 
enzymes catalyzed these reactions. 
Prystowsky at al. extended this work by characterizing 
retinyl ester hydrolase activity in the livers of vitamin A 
sufficient rats (46). In the assay procedure devised by these 
workers, retinyl [1—C^^]palmitate was used as the substrate, 
and retinyl ester hydrolase activity was measured by the 
release of radioactive palmitic acid. The optimal assay 
conditions, subcellular distribution, interanimal variability 
(50—fold), and correlations to other hydrolases (cholesteryl 
oleate and triolein hydrolases) in this study were similar to 
those reported earlier by Harrison et al^. (45) for vitamin A 
deficient rats. 
These workers found a negative correlation between 
retinyl ester hydrolase activity and serum retinol 
concentration at the time of death (p<0.05). The proper 
interpretation of this finding is unknown, because rats with 
no serum vitamin A had hydrolase activities and variabilities 
identical to their vitamin A sufficient counterparts. The 
results suggested, however, that retinyl ester hydrolase is 
sensitive to depressed serum retinol concentrations. 
The most purified preparation of retinyl ester hydrolase 
to date (200—fold), was achieved by Blaner e^ al.. (47) who 
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chromatographed acetone powder extracts of rat liver 
sequentially on columns of phenyl-Sepharose, DEAE-Sepharose, 
and heparin-Sepharose. Hydrolytic activities toward retinyl, 
cholesteryl, and triolein estera co-eluted during each 
chromatographic step In the final eluent, all showed similar 
pH optima, bilè salt stimulation and substrate dependency. 
These researchers concluded that three enzymes catalyze 
the hydrolysis of these substrates on the basis of the 
following evidence. First, triolein hydrolase was much less 
sensitive to inhibition by phenylmethylsulfonyl fluoride than 
cholesteryl and retinyl ester hydrolases were. Secondly, 
retinyl ester hydrolase could be differentially solubilized 
from rat liver acetone powder extracts and separated from 
cholesteryl ester hydrolase. 
Of further interest is the finding that these hydrolases 
are distributed differently among rat liver cell types (48). 
Whereas esterase activity specific for retinyl esters is 
enriched in stellate cells, with the balance in hepatocytes, 
esterases specific for triolein and cholesteryl esters are 
nearly evenly distributed between hepatocytes and stellate, 
parenchymal, and Kupffer cells. 
Relative to the issue of interanlmal variability, Blaner 
et al. examined the distribution of retinyl ester hydrolase 
activity within precisely sectioned rat livers and found 
greater than 60—fold variability between sections (49). This 
variability was present in both vitamin A-deficient and 
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sufficient rats, and no consistent anatomical pattern of 
relative hydrolase activity was found. This extended the work 
of others (45,46), who found no correlation between 
variability and: 1) the age of the rats; 2) the time of day 
they were killed; 3) feeding or fasting prior to killing; 4} 
the reproducibility of the assay; 5) the vitamin A status of 
the rats; or, 6) the strain of rats used. Neither the source 
nor the physiological significance of the observed variability 
is known. 
Several research groups have provided evidence that 
nutritional factors may Influence retlnyl ester hydrolase 
activity. Napoll and coworkers demonstrated that liver 
retlnyl ester hydrolase activity is inhibited by a-tocopherol 
(2,50). Because they found elevated retlnol and depressed 
retlnyl ester concentrations in vitamin E deficient rats, they 
concluded that vitamin E at concentrations found in the liver 
may suppress retlnyl ester hydrolase activity ijn vivo. 
However, these researchers discovered that several other 
lipophilic compounds, both naturally occurring and synthetic, 
also inhibited liver hydrolase activity. Furthermore, they 
did not measure retlnyl ester hydrolase activities of the 
a—tocopherol deficient rats. Thus, evidence for the direct 
Involvement of vitamin E in the regulation of retlnyl ester 
hydrolase activity is only circumstantial. 
Protein deficiency also depresses liver retlnyl ester 
hydrolase activity, presumably through lower protein synthesis 
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(51). Hydrolase activity in rats fed a diet with 3% casein 
for eight weeks was reduced 4-fold over controls fed 25% 
casein. The livers of protein deficient and normal animals 
contained equal concentrations of total vitamin A, but the 
protein—deficient rat livers had a significantly lower 
percentage of vitamin A as retinol. The authors concluded 
that the depressed retinol concentrations were due to impaired 
retinyl ester hydrolysis. 
Other properties of rat liver retinyl ester hydrolase 
have been studied using lipid aggregates formed during 
homogenization, which elute at the void volume of size-
exclusion columns (52—56). Although this entity is an 
artifact formed during the disruption of liver cells, two 
interesting properties of hydrolase activity have emerged from 
the characterization of it. First, retinyl esters in large 
lipid aggregates serve as substrates for retinyl ester 
hydrolase (55). Because vitamin A is present in the liver as 
a component of lipid globules, this is analogous to the 
physiological hydrolysis of retinyl esters in the liver. 
Secondly, retinyl ester hydrolase associated with these 
aggregates displayed low levels of activity in the absence of 
added trihydroxy bile salts, in contrast to whole liver 
homogenates that show no activity in their absence (45). 
Thus, although trihydroxy bile salts are essential to increase 
the sensitivity of Iji vitro assays for retinyl ester 
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hydrolase, the enzyme will act slowly on rebinyl esters in 
lipid aggregates in the apparent absence of bile salts. 
Results of recent studies in which vitamin A—containing 
lipid globules were purified intact from liver, suggest that 
very little retlnyl ester hydrolase activity is associated 
with these Intracellular structures (55,56). Thus, retlnyl 
ester hydrolase activity may not have a strong affinity for 
vitamin A globules. 
A summary of the literature concerning retlnyl ester 
hydrolase raises many questions. For Instance, retlnyl ester 
hydrolase is found in all subcellular fractions. However, is 
this distribution an artifact caused by homogenization? 
Secondly, hydrolase activity requires tri-hydroxy bile salt or 
bovine serum albumin for optimal activity, but are these 
effectors required for the activation of retlnyl ester 
hydrolase in vivo? Third, hydrolase activity varies 
enormously within the liver and between animals. What is the 
source and significance of this unprecedented variability? 
Fourth, given this large variability, does retlnyl ester 
hydrolase play a role in the homeostatic control of vitamin A 
metabolism in the liver? 
The research described in the next three sections is 
pertinent to these questions. The source of interanlmal 
variability and the relationship between vitamin A nutritional 
status and hydrolase activity were studied first. To 
accomplish this, retlnyl ester hydrolase activity was fully 
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characterized In pig liver relative to its bile salt 
stimulation, pH optimum, substrate dependency, substrate 
specificity, subcellular distribution, and Interanlmal 
variability. Hydrolase activity was measured and compared to 
serum and liver vitamin A concentrations. To determine 
whether this variability was species-specific, Identical 
experiments were carried out in rats and in pigs. Other 
sources of variability such as the type and concentration of 
bile salts were also investigated. Finally, it was discovered 
that cis isomers of retinyl palmitate are also hydrolyzed by 
pis liver homogenates. Properties of these hydrolytlc 
reactions were determined, including partial purification of 
the responsible enzymes. Some of the unusual properties of 
crude retinyl ester hydrolase may well be a function of the 
multiplicity of hydrolases present. 
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Department of Biochemistry and Biophysics 
Iowa State University, Ames, Iowa 50011 
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ABSTRACT 
A new sensitive method for the assay of retinyl ester 
hydrolase Ijn vitro was developed and applied to liver 
homogenates of 18 young pigs with depleted to adequate liver 
vitamin A reserves. Radioactive substrate was not required, 
because the formation of retinol could be adequately 
quantitated by reversed—phase high—performance liquid 
chromatography. Optimal hydrolase activity was observed with 
500 wM retinyl palmitate, 100 mM 3—[(3— 
cholamidopropyl)dimethylammonlo]—1—propanesulfonate, and 2 
mg/ml Triton X—100 at pH 8.0. The relative rates of 
hydrolysis of six different retinyl esters by liver homogenate 
were: retinyl linolenate (100%), myristate (99%), palmitate 
(47%), oleate (38%), linoleate (31%), and stearate (29%). The 
enzyme was found primarily in the membrane—containing 
fractions of liver (59+3%, S.E.) and kidney (76+3%), with 
considerably lower overall activity in kidney (57 to 375 
nmol/hr/g of tissue) than in liver (394 to 1040 nmol/hr/g). 
Retinyl ester hydrolase activity in these pigs was Independent 
of serum retinol values, which ranged from 3 to 24 yg/dl, and 
of liver vitamin A concentrations from 0 to 32 Mg/g. 
Pig liver retinyl ester hydrolase differs from the rat 
liver enzyme in its substrate specificity, bile acid 
stimulation, and Interanimal variability. 
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INTRODUCTION 
After absorption from the small Intestine, vitamin A, 
largely as an ester, Is Incorporated Into chylomicrons whose 
remnants are removed from the circulation by hepatic 
parenchymal cells (1,2). Retlnyl esters are then hydrolyzed 
within liver cells (3). Retlnol thus liberated may be 
subjected to several routes of metabolism: 1} association 
with plasma retlnol-blndlne protein and secretion into the 
blood (4), 2) re—esterlfication catalyzed by acyl CoA:retlnol 
acyltransferase (5), 3) storage as retlnyl esters in hepatic 
lipid globules of hepatocytes and stellate cells (6,7), and 4) 
several alternative routes of biochemical transformation (8). 
The liver reserves of vitamin A, mainly present as 
retlnyl esters in lipid globules (9), are hydrolyzed to 
maintain plasma retlnol concentrations. This hydrolytic 
reaction is catalyzed by retlnyl palmltate esterase [EC 
3.1.1.21], which might more appropriately be called retlnyl 
ester hydrolase. As an obligatory step in the release of 
retlnol from liver reserves, this reaction represents a 
potential site for metabolic control. 
Rat liver retlnyl ester hydrolase, first identified in 
vitro by Mahadevan e^ al.. (10), requires trihydroxy bile acids 
for maximal activity, shows a pH optimum of 8.6, and 
hydrolyzes retlnyl palmltate preferentially. The enzyme is 
widely distributed among both the cytosolic and membrane 
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fractions of rat liver (11—14) and shows great variability 
(40— to 50-fold) in activity among liver homogenates from 
different rats (11,12). Certain proteins, such as serum 
albumin and plasma retinol—binding protein, enhance the 
hydrolytic rate in, vitro (9,15), whereas a—tocopherol may well 
be an inhibitor of hydrolysis (16,17). 
In this paper, we report the development of a new assay 
for retlnyl ester hydrolase, in which the maximal rate of 
hydrolysis is measured in the presence of the detergents 3— 
[(3-cholamidopropyl) dimethylammonio]-l-propanesulfonate 
(CHAPS) and Triton X—100, and the nonradioactive reaction 
product retinol is quantitated by reversed—phase HPLC. We 
further show that both cytosolic and membrane fractions of pig 
liver contain hydrolase activity, which has been characterized 
relative to its bile acid activation, substrate concentration, 
pH dependence, and fatty acyl ester specificity. Retlnyl 
ester hydrolase activity of pig liver was essentially 
independent of plasma and liver retinol concentrations over a 
range of 4 to 20 yg/dl and of 0 to 30 ug/g, respectively. 
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EXPERIMENTAL 
Materials 
Triton X—100, CHAPS, sodium cholate, sodium taurocholate, 
Tween 40, butylated hydroxytoluene, acyl chlorides, retinyl 
palmltate, retinyl acetate, and retlnol were purchased from 
Sigma, St. Louis, MO. Three—[(3—cholamldopropyl} 
dimethylammonlo]—2—hydroxy-1—propanesulfonate) or CHAPSO was 
purchased from Fluka Chemical Corp., Hauppauge, NY. Neutral 
aluminum oxide was purchased from Baker, Philllpsburg, NJ. 
Reagent grade HPLC solvents were purchased from Fisher, 
Minneapolis, MN, and filtered through 0.45—wm pore membranes 
(Millipore, Bedford, MA) before use. Retlnol was quantitated 
on a 4.6X250 mm Partlsll 10/25 OOS—2 column from Whatman, 
Clifton, NJ, protected by an Uptight guard column (Upchurch 
Scientific, Oak Harbor, UA) with pellicular octadecylsilane 
packing (Vydac, The Separations Group, Hesperla, CA). 
Additional components of the HPLC system were an LOC 
Constametric III pump (Riviera Beach, FL), an ISCO variable 
wavelength absorbance detector (Lincoln, NE), and a Shimadzu 
C-R3A integrator (Kyoto, Japan). 
15—Methylretinol and retinyl esters other than retinyl 
palmltate were synthesized as described (18 and 19, 
respectively). Preparative HPLC of synthetic retinyl esters 
was accomplished on a Whatman Partlsll M20 10/50 column 
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protected with a 4.6X250 nun guard column packed with 
pellicular silica (Whatman). 
( 
Animals 
Cross—bred suckling pigs, 17 female and one male (from 
the Swine Nutrition Herd, Iowa State University), were 
obtained at approximately 4 weeks of age and housed in an 
environmentally controlled room. Nine pigs received vitamin 
A-deficient swine diet (ICN Pharmaceuticals, Cleveland, OH), 
which contained less than 1000 lU vitamin A per kilogram of 
feed. This diet and fresh water were provided ad libitum for 
3 weeks. Three pigs in this group received 344 ug retinyl 
acetate in corn oil per day administered orally in a gelatin 
capsule, and the other six received no supplement. Nine pigs 
with higher liver vitamin A stores were produced by feeding 
nutritionally complete 14% protein sow feed (Cooper's Mill, 
Ames, lA) for 3 weeks. These pigs were divided into three 
groups that, for the last 8 days, received oral doses of 0, 
500, or 1000 ug retinyl acetate in corn oil on alternate days. 
The last supplement was administered at least 48 hours before 
sacrifice, and only water was consumed in the final 24 hours. 
All pigs appeared healthy when sacrificed with a mean weight 
of 7.8 kg. 
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Tissue Vitamin A Determinations 
Serum (0.5 ml) from blood taken Just before sacrifice was 
extracted thrice with 1 ml hexane after the addition of 0.5 ml 
ethanol containing 360 ng 15-methylretinol as an internal 
standard. The combined hexane extracts were dried under a 
gentle stream of argon, and the residue was dissolved in 500 
ul isopropanol for HPLC analysis. Methanol :water (9:1) was 
used to elute retinol in 7.3 minutes, and as little as 4.0 
pmoles was accurately quantitated when absorbance was 
monitored at 325 nm. A standard concentration curve for 
retinol and a correction factor for extraction efficiency were 
used to determine the amount of retinol present in serum 
extracts. 
Pigs were sacrificed by administering carbon dioxide with 
a gas mask until they were unconscious, then by bleeding from 
the carotid artery. After cessation of bleeding, the livers 
were removed, rinsed with distilled water, and blotted dry, 
and the central portions were dissected out and stored at 
—20°C until analyzed. 
Liver vitamin A concentrations were determined by the 
method of Furr ejt al_. (20). All procedures involving vitamin 
A were carried out in laboratories equipped with F40/G0 gold 
fluorescent lamps (Westinghouse, Minneapolis, MN). 
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Assay of Retlnyl Ester Hydrolase Activity 
Liver and kidney homogenates were prepared as described 
previously (21), except that 0.05 M Tris-maleate buffer, pH 
8.0, was used as the homogenization buffer. Tissue portions 
were carefully weighed, and homogenate volumes were recorded. 
An aliquot of each homogenate was quantitatively transferred 
to a tube for a single centrifugation at 105,000X& for 60 
minutes in a Beckman L8-80 ultracentrifuge (Palo Alto, CA). 
The resulting floating lipid layer was discarded, the 
supernatant fraction volume was measured, and the pellet was 
quantitatively rehomogenized. Homogenate fractions were 
frozen in liquid nitrogen and stored at -20*C until analyzed. 
Retlnyl ester hydrolase activity per gram of tissue was 
calculated from the recorded weights and volumes. Homogenate 
protein determinations were performed according to the method 
of Bradford with bovine serum albumin as standard (22). 
The standard hydrolase assay was conducted for 30—60 
minutes in 12X75 mm capped glass tubes in a total volume of 
0.5 ml using 0.05 M Tris-maleate buffer, pH 8.0. The optimal 
concentrations of constituents incubated with a source of 
enzyme were: 0.5 mM retlnyl palmltate, 2 mg/ml Triton X—100, 
and 100 mM CHAPS. 
Retlnyl palmltate was added to the reaction mixture as a 
suspension in Triton X—100. Ten ml of this suspension 
contained 26.3 mg retlnyl palmltate and 200 mg Triton X-100 in 
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the assay buffer. A small stir bar in the test tube 
facilitated solution homogeneity. Fifty ul of thlo suspension 
were added to each assay mix. Substrate solutions, which were 
stored at 4*'C in the dark under argon, were used within 2 days 
of preparation. 
Incubations were carried out in a Dubnoff shaking 
incubator (Fisher) at 25 strokes per minute and 37*0. Before 
the addition of a source of enzyme to initiate the hydrolysis 
of retinyl palmitate, all other components of the assay were 
preincubated for 5 minutes. The reaction was quenched by the 
addition of 0.5 ml ethanol, and retinol was extracted twice 
with 2 ml hexanes containing 0.1% butylated hydroxytoluene. 
The extract was dried under a gentle stream of argon, and the 
residue was redissolved in 500 yl isopropanol. Retinol was 
quantitated as described for serum retinol determination 
except that no internal standard was used. 
Boiled homogenate controls were not used because they 
produced contaminating peaks, which interfered with the 
quantitation of retinol. Instead, 1—hour incubations were 
conducted with otherwise complete assay mixtures 1) in the 
absence of added substrate and 2) in the absence of 
homogenate. In the experiments reported here, no retinol was 
detected in the former case, and less than 4 pmoles retinol 
was observed in the latter case. 
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RESULTS 
Optimization of Retinyl Ester Hydrolase Activity in Pig 
Liver Homogenates 
All—trans retlnol formed during incubations was eluted in 
7.3 minutes with 9:1 methanol :water from a Whatman ODS-2 
column. This HPLC system completely separated retlnol from 
contaminating peaks. Based on a 5:1 peak height to noise 
ratio, this system could accurately detect the formation of as 
little as 4.0 pmoles retlnol, an amount typically found in 
controls after a 1—hour incubation. 
Consistent retinyl ester hydrolase activity was observed 
when retinyl palmitate was added to the incubation mixture as 
a suspension in Triton X—100, but not when added in Tween 40 
or CHAPS. Over a range of Triton X—100 concentrations from 1-4 
mg/ml, the greatest activity was observed when the 
concentration in the assay mixture was 2 mg/ml (data not 
shown). Addition of retinyl palmitate in 25 ul Isopropanol 
yielded activities 78% of those in 0.2% Triton X-100. 
The effect of CHAPS, CHAPSO, sodium cholate, and sodium 
taurocholate on retinyl ester hydrolase activity in liver 
homogenate in the presence of Triton X—100 is shown in Fig. 1. 
Little activity was observed in the absence of bile salts. 
Although all four detergents provided comparable rates of 
Figure 1. Stimulation of retinyl ester hydrolase activity 
in whole—liver homogenate by bile salts and bile-
salt derivatives. Assays were conducted for 1 
hour at 37®C by using 0.05 M Tris—maleate buffer 
(pH 8.0), 2 mg/ml Triton X—100, 0.5 mM retinyl 
palmitate, 758 wg liver homogenate protein, and 
the bile salt concentrations indicated. Final 
concentrations in each assay are given on the 
abscissa in millmoles per liter for CHAPS (#), 
CHAPSO (•), sodium cholate (O), and sodium 
taurocholate (•). Activities are presented as a 
percentage of the optimal velocity observed for 
each detergent. Maximal retinyl ester hydrolase 
activity with all detergents was within 30% 
t. 
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hydrolysis under optimal conditions, CHAPS did so at the 
lowest concentration (100 mM). 
Whole-homogenate retinyl ester hydrolase displayed 
apparent maximal velocity at 500 wM retinyl palmitate (Fig. 2) 
and an apparent of 140 yM as determined from a double-
reciprocal plot of 1/v versus 1/S. A concentration of 500 wM 
retinyl palmitate was chosen for subsequent assays to measure 
hydrolase activities at apparent maximal velocities. 
At this substrate concentration, the presence of small 
amounts of retinyl ester endogenous to the liver homogenate 
should not affect the enzymatic hydrolytic rate. For 
instance, in a typical assay, less than 7 mg liver was added. 
In a pig with vitamin A liver stores of 50 yg/g liver, less 
than 0.64 yg retinyl palmitate or 0.5% of the exogenous 
substrate would be added to the assay. Thus, with the proper 
controls, this assay should be suitable for use with 
homogenates of pig liver with high as well as low liver 
vitamin A reserves. 
The effect of pH on the activity of retinyl ester 
hydrolase is illustrated in Fig. 3. The whole—liver 
homogenate had a broad optimal pH range centered near 8.0. At 
this pH and the other standard assay conditions, retinol 
production increased linearly for at least 60 minutes at 
enzyme levels up to 1 mg homogenate protein (data not shown). 
The results of several experiments demonstrate the 
reliability of this assay. First, the efficiency of 
Figure 2. Retinyl ester hydrolase substrate dependency 
curve for retinyl palmitate. Other assay 
components were present at optimal 
concentrations: 100 mM CHAPS, 2 mg/ml Triton 
X—100, and 750 ug liver homogenate protein 
4-1 
4= 3-
3 2-
1 -
/ 
o' 
1/ 
/ 
w 
I 200 400 600 
Retinyl Palmitate Concentration ()UM) 
Figure 3. Effect of pH on retinyl ester hydrolase activity 
in whole liver homogenate. 750 yg Liver 
homogenate protein, 100 mM CHAPS, 2 mg/ml Triton 
X—100, and 0.5 mM retinyl palmitate were 
incubated in 0.05 M Tris—maleate buffers adjusted 
to the pH values indicated 
s 
Relative REH Activity (%) 
a> b> 
o 
o 
o 
S 
O 
T3 
% 
g 
00 
Ko 
I 
\ 
00 
a> 
CD 
b 
• 
/ 
CD 
££  
34 
extraction of 200 ng retinol from eight assay mixtures 
containing 0, 500, and 1000 ng liver homogenate protein was 
94.3+1.2% (S.E.), with no values below 90%. Further, retinyl 
ester hydrolase activity in a single homogenate was consistent 
when assayed three times over a period of 2 months (606±21 
nmol/hr/g liver). Finally, the interassay variability of the 
retinyl ester hydrolase activity of a single sample determined 
nine times was low; the coefficient of variation (standard 
deviation/mean X 100%) was 4.7%. Therefore, this assay 
provides consistent and reliable measurements of retinyl ester 
hydrolase activity in liver homogenates. 
Fatty Acyl Specificity of Retinyl Ester Hydrolase 
Retinol is stored in the liver as esters of fatty acids 
comprising different carbon chain lengths (23). Because we 
have observed that the palmitoyl, oleoyl, linoleoyl, and 
stearoyl esters of retinol are in greatest abundance in pig 
liver, we examined the specificity of retinyl ester hydrolase 
to purified all—trans isomers of these esters as well as to 
retinyl myristate and linolenate. 
HPLC analyses revealed that all esters contained greater 
than 99.8% all-trans isomers with the exception of retinyl 
stearate (2.8% 13-cls). With respect to contaminating retinyl 
esters, only two had more than 0.5% impurities: retinyl 
palmitate (3.9% impurities) and oleate (2.0%). All assays 
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were performed under Identical conditions in triplicate, the 
only difference being the substrate used. For a given ester, 
substrate concentrations of 0.4, 0.5, and 0.6 mM all gave 
similar maximal rates of hydrolysis. 
The rates at 0.5 mM substrate concentration are given in 
Table 1. The llnolenate and myristate esters were cleaved 
most rapidly, with the palmitate and the other esters at about 
half the maximal rate. 
Retinyl Ester Hydrolase Activities in Pig Kidney Homogenates 
Retinyl ester hydrolase activities in kidney homogenates 
were examined in nine pigs. Retinyl palmitate hydrolysis 
proceeded at rates lower (57 to 375 nmoles/hr/gram of tissue) 
than for liver (394 to 1040 nmoles/hr/gram of tissue). 
Furthermore, there was no significant correlation between the 
activities in these organs within individual pigs. 
Distribution of Retinyl Ester Hydrolase Activity Between 
Cytosollc and Membrane Fractions 
To determine the distribution of retinyl ester hydrolase 
activity between cytosollc and membrane fractions, homogenates 
of whole liver (without prior filtration or low—speed 
centrifugatlon) were centrifuged at 105,000Xg for 1 hour. Of 
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Table 1. Specificity of liver retinyl ester hydrolase 
activity for various esters of retinol 
Retinyl Ester Hydrolase Activity^ 
Substrate (nmol/h/mg protein) 
Retinyl linolenate 
Retinyl myristate 
Retinyl palmitate 
Retinyl oleate 
Retinyl linoleate 
Retinyl stearate 
6.11 ± 0 .02 (100%) 
6.06 ± 0.01 (99%) 
2.88 ± 0.01 (47%) 
2.35 ± 0.07 (38%) 
1.89 ± 0.14 (31%) 
1.75 ± 0.04 (29%) 
*Liver homogenate (770 V8 protein) was incubated for I h 
with 0.05 M Tris-maleate buffer, pH 8.0, 2 mg/ml Triton X-100, 
100 mM CHAPS and 500 yM retinyl ester. Rates are expressed as 
the mean activity ± S.E. of assays performed in triplicate 
minus controls. The relative activity is given in 
parentheses.. 
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bhe original homogenakes, 104±6% (S.E.) of the hydrolase 
activity was recovered in the isolated subcellular fractions. 
The distribution of retinyl ester hydrolase activity in 
liver homogenates was variable with 24 to 62% of the activity 
in the cytosolic fraction (4113%, S.E.) and 59+3% of the 
activity in thé membrane fraction. In nine kidney 
homogenates, the supernatant fraction contained 24+3%, and 
the membrane fraction contained 76±3% of the total homogenate 
activity. 
Liver Retinyl Ester Hydrolase Activity as a Function of 
Vitamin A Status 
Liver retinyl ester hydrolase activity was measured in 18 
pigs with low to adequate liver vitamin A stores (0 to 32 
Vig/g). Serum retinol concentrations were distributed between 
3 and 24 wg/dl in the same pigs. 
Hydrolase assays were performed within 1 month of 
sacrifice. Activities in individual livers had a 2.6—fold 
variability. Linear regression analysis of retinyl ester 
hydrolase activity as a function of liver retinol 
concentration (Fig. 4} revealed essentially no dependence of 
hydrolase activity on liver reserves (r=0.48). Although the 
slope of the line was greater when the hydrolase activity was 
plotted against serum retinol values (Fig. 5), the correlation 
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was poor (r=0.59) because of the large variance in hydrol 
activities at any given serum value. 
Figure 4. Relationship between hepatic retinyl ester 
hydrolase activity and liver vitamin A reserves. 
Liver homogenate fractions from 18 pigs 
approximately 7 weeks old were assayed for 
retinyl ester hydrolase activity by using optimal 
conditions and constituent concentrations. 
Activities are expressed for whole homogenate as 
the sum of the activities of their subcellular 
fractions. By linear regression analysis, a 
best—fit line was found to give the equation 
y=0.007x + 580, with r=0.473 
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Figure 5. Relationship between hepatic retinyl ester 
hydrolase activity and serum retinol 
concentration. The same 18 pigs as shown in 
Figure 4 were studied here. The best—fit line in 
this case follows the equation y=0.018x + 488, 
with r=0.587 
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DISCUSSION 
A new, simple, sensitive, reproducible assay for retinyl 
eater hydrolase has been developed. Its advantages are: 1) 
Very small amounts (>4 pmoles) of the product retinol can be 
measured, 2) very little liver homogenate (<1 mg protein) is 
needed, 3) endogenous retinyl esters and retinol in 
homogenates do not influence the observed activity, 4) 
absolute rates of hydrolyses are directly measured, 5) the use 
and measurement of radioactivity are avoided, and 6) the 
reproducibility of the assay is high, with an interassay 
coefficient of variation of 4.7%. 
The assay conditions selected for the pig liver enzyme 
are similar in several ways to those chosen by Mahadevan e^ 
al. (10) for rat liver retinyl ester hydrolase; e.g., the 
Triton X-100 and the retinyl palmitate concentrations. In 
contrast, pig liver retinyl ester hydrolase required a 13-fold 
higher concentration of sodium cholate (200 mM) than the rat 
liver enzyme (10—12) to give maximal activity. The reason for 
this difference is not known. Thus, to avoid high 
concentrations of sodium cholate, 100 mM CHAPS was used to 
provide comparable levels of activity. 
About one-third of the activity of both pig and rat 
retinyl ester hydrolases is found in the soluble supernatant 
fraction of liver homogenates, with the remainder in the 
membrane fractions. Pig kidney had lower retinyl ester 
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hydrolase activity than liver, with a lower proportion of the 
activity in the soluble fraction. 
The relative rates of hydrolysis of various retinyl 
esters revealed several relationships between ester structure 
and retinyl ester hydrolase activity (Table 1). For esters 
with a saturated fatty acyl moiety, the hydrolytic activity 
decreased as the length of the carbon chain increased from 14 
to 18. For 4 retinyl esters with 18 carbon fatty acyl 
moieties, activity rose with increasing unsaturation. In 
contrast, Mahadevan e^ al* (10) found that retinyl palmitate 
was the preferred substrate with the rat liver enzyme, whereas 
all other retinyl esters produced less than 50% as much 
activity. The findings here indicate that pig liver retinyl 
ester hydrolase has a broad specificity for long—chain retinyl 
esters, with only moderate activity toward retinyl palmitate. 
Thus, retinyl ester hydrolase is a more appropriate generic 
name for the enzyme, or family of enzymes, than retinyl 
palmitate hydrolase. 
The retinyl ester hydrolase activities of individual pig 
liver homogenates had only 2.6—fold variability (394-1040 nmol 
retinol/hr/g liver). In contrast, 50- to 60-fold variability 
has been reported in individual rat liver homogenates and 
within different portions of the same liver (11,12,24). It has 
been suggested that rat liver retinyl ester hydrolase may be 
under a strong genetic control, as is the case of 0— 
galactosidase activity in mice (12). In our study, however, 
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the animals were Inbred but maintained genetic components of 
several breeds. Thus, in spite of moderate genetic diversity, 
liver retinyl ester hydrolase activities had little 
variability. 
The relatively low variability found in our study may 
also be due to the assay conditions used. In contrast to 
previous studies (12), CHAPS was used, together with Triton X— 
100, as the detergent system, and a saturating substrate 
concentration (500 wM) was employed. CHAPS may stabilize 
retinyl ester hydrolase, and the high substrate concentration 
may well provide more consistent hydrolytic rates than when 
lower concentrations near the apparent are present. 
Indeed, when rat liver retinyl ester hydrolase was assayed 
under our conditions, the variability was much reduced (Paper 
II, herein). 
As Judged by their liver reserves of vitamin A, the 
vitamin A status of these animals varied from adequate 
(>20 wg/g liver) to depleted (<10 ug/g liver). Even though 
the liver reserves in some pigs were very low (<2 wg/g liver), 
their growth rates were normal, and no gross signs of 
deficiency were evident. Whereas the reported normal range of 
serum vitamin A concentrations in pigs is 15 to 30 wg/dl (25), 
the pigs in this study had serum values as low as 3 ug/dl. In 
the range of liver vitamin A concentrations (0 to 32 ug/g 
liver) and of serum retinol levels (3 to 24 ug/dl) found, 
hydrolase activity did not significantly change (Figs. 4 & 5). 
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Thus, despite the possible homeostatic utility of an 
association between increased retinyl ester hydrolase activity 
and low serum or liver vitamin A concentrations (12), our 
studies do not support such a relationship in pig liver. 
Retinyl ester hydrolase may, however, be subject to more 
subtle control mechanisms that may be masked by the presence 
of detergent and of high substrate concentration. 
In all likelihood, several retinyl ester hydrolases 
exist. Indeed, we have observed that the hydrolase acting on 
all-trans esters has quite different properties from the one 
hydrolyzing the 13—cis esters (26). The crude pig liver 
enzyme studied here is similar to the previously studied rat 
liver enzyme (10-14) in its pH optimum and distribution 
between cytosolic and membrane fractions, but different in the 
optimal detergent concentration, apparent values, 
specificity towards retinyl esters, and variability found. 
Further purification and careful comparison of these retinyl 
ester hydrolases should resolve whether they are essentially 
the same or not. 
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ABSTRACT 
Reblnyl ester hydrolase activity was studied in 25 rats 
fed no vitamin A for one week and then 0, 5, 24, 60, or 240 wg 
retinol/d for 2 weeks. This treatment produced rats with 
depleted to normal vitamin A liver reserves (0.03 to 184 ug/g) 
and serum retinol concentrations of 4 to 67 wg/dl. Hydrolase 
activity was optimal when assayed with 275 mM CHAPS, 2 mg/ml 
Triton X—100, and 5 mM retinyl palmitate at pH 7.0. By use of 
these concentrations and conditions, retinyl ester hydrolase 
activity displayed relatively low interanimal variability (5-
fold). Furthermore, activity was independent of serum or 
liver vitamin A concentrations. When CHAPS in the assay was 
replaced with equimolar sodium cholate, or with reduced 
concentrations of CHAPS and retinyl palmitate, retinyl ester 
hydrolase activity was more variable, i.e., 37- and 23-fold, 
respectively. Furthermore, in the latter case, hydrolase 
activity was 3—fold higher in rats with liver vitamin A 
reserves less than 10 ug/g' Thus, the type and concentration 
of bile salt used to assay retinyl ester hydrolase affects its 
interanimal variability. Furthermore, hydrolase activity 
measured in reduced concentrations of substrate and detergent 
is elevated in rats with low liver reserves of vitamin A. 
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INTRODUCTION 
Full—grown rats metabolize about 6—7 wg retinol per day 
(1.2). At higher dietary intakes, excess vitamin A is stored 
in the liver as long-chain acyl esters in lipid globules 
(2.3). To mobilize stored vitamin A, retinyl ester hydrolase 
acts on retinyl esters to produce retinol (4), a form of 
vitamin A which is transported to and utilized by extrahepatic 
tissues (5). This enzyme, along with acyl—CoA:retinol 
acyltransferase (6), controls the relative concentrations of 
the two largest metabolic pools of vitamin A in the liver, 
those of retinol and retinyl esters. 
In l_n vitro studies, rat liver retinyl ester hydrolase 
shows an absolute requirement for trihydroxy bile salts and a 
maximal activity at a slightly alkaline pH (7,8). 
Physiologically, this enzyme displays 40— to 50—fold 
variability in activity between animals (7,8) and 60—fold 
variability within different sections of individual livers 
(9). Neither the overall liver concentration of vitamin A nor 
the specific region of the liver sampled correlated with the 
observed activity. Thus the source of variability remains 
unknown, as do the mechanisms which normally control this 
enzyme's activity .iji vivo. 
In spite of this variability, several nutritional factors 
have been identified that may influence liver retinyl ester 
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hydrolase activity. The iii vitro activity is lower in rats 
given protein-deficient diets (10) or high doses of vitamin E 
(11). In these animals plasma and liver retinol levels but 
not liver retinyl esters are also depressed. 
A relationship between the dietary vitamin A intake of 
rats and retinyl ester hydrolase activity has not been 
established. In pigs we found that absolute rates of retinyl 
ester hydrolysis are Independent of serum or liver vitamin A 
concentrations which ranged from depleted to normal (12). The 
interanimal variability in these 18 pigs was 2.6—fold. 
Because the assays for liver retinyl ester hydrolase activity 
in pigs (12) and in rats (7) differ, the much higher 
interanimal variability observed in rats may be due to a 
species difference and/or to the assay conditions used. 
In this study we report that interanimal variability in 
rats is reduced by using CHAPS rather than sodium chelate in 
the assay system. Furthermore, whereas optimal retinyl ester 
hydrolase activity measured in an optimal concentration of 
CHAPS was independent of the dietary Intake of vitamin A, 
activities in reduced concentrations of CHAPS and retinyl 
palmitate were significantly affected by vitamin A intake and 
vitamin A status. 
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EXPERIMENTAL 
Chemicals 
Butylabed hydroxytoluene, CHAPS, retlnol, retlnyl 
acetate, retlnyl palmltate, sodium azlde, sodium cholate, and 
Triton X—100 were purchased from Sigma Chemical Co., St. 
Louis, MO. Anhydrous sodium sulfate, dlchloromethane, 
hexanes, methanol, 2—propanol, and tetrahydrofuran, all of 
which were ACS certified reagents, were obtained from Fisher 
Scientific, Minneapolis, MN. Corn oil was Mazola brand, a 
product of Best Foods, CPC International, Englewood Cliffs, 
NJ. 
Animals 
Twenty—five weanling female Sprague Dawley-derived rats 
(Holtzman Co., Madison, UI) were housed in individual 
stainless steel cages, and provided with pelleted vitamin A— 
free diet (ICN Nutritional Biochemlcals, Cleveland, OH) and 
tap water ad lib. After one week on this diet, the animals 
were given a daily oral supplement of retlnyl acetate in 0.1 
ml corn oil, at levels of 0, 5, 24, 60, or 240 yg retlnol/d. 
After 2 weeks of vitamin A supplementation, all animals were 
sacrificed by cardiac exsangulnation while under ether 
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anesthesia, and blood and whole livers were removed. Portions 
of liver were promptly homogenized, and the homogenates were 
frozen until determination of retinyl ester hydrolase 
activity. The remaining portions of liver and the sera were 
stored in the frozen state until analyzed for vitamin A. 
Tissue Retinoid Assays 
Thawed liver portions (1 g) were ground with anhydrous 
sodium sulfate and extracted with dichloromethane (13); each 
liver extract was diluted to 50 ml. Aliquots of liver 
extracts (1 ml or 5 ml, depending on the expected vitamin A 
concentration) were concentrated under a stream of argon and 
redlssolved in 250 pi 2—propanol:dichloromethane (4:1) and 
analyzed by injection of 100 Ml of solution (equivalent to 
0.8% or 4% of the Initial liver sample extracted, 
respectively). Gradient reversed-phase HPLC of liver extracts 
was performed as previously described (14), with an immediate 
10—min linear gradient from methanol : water (90:10) to 
methanol:tetrahydrofuran (50:50), at a flow of 2.0 ml/min. An 
LDC gradient pumping system (Laboratory Data Control, Inc., 
Riviera Beach, FL) and LDC Spectromonitor III variable 
wavelength absorbance detector (set at 325 nm) were used, with 
a liBondapak C^g analytical column (Waters Associates, Milford, 
MA) preceded by a guard column. A Shimadzu C—R2AX electronic 
integrator (Shimadzu Scientific Instruments, Columbia, MD) was 
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used to determine peak area, and retinol and total retinyl 
esters were quantltated by use of external standards. All 
extractions and chromatographic procedures were carried out 
under F40 Gold fluorescent lights. 
Serum samples (0.5 ml) were extracted with hexane (3X2 
ml) after precipitation of proteins with an equal volume of 
ethanol containing 0.1 mg butylated hydroxytoluene/ml. The 
combined hexane extracts from each sample were gently 
evaporated under argon, and immediately redissolved in 100 wl 
2-propanol for HPLC injection. Serum retinol was quantltated 
by gradient reversed—phase HPLC analysis as described above, 
or by isocratic reversed—phase HPLC using methanol :water 
(95:5) at 1 ml/mln on a Waters "Resolve" 5-wm C^g column, with 
detection at 325 nm; retinyl acetate was used as internal 
standard. 
Preparation and Storage of Liver Homogenates 
Portions (1.5 to 2.7 g, or 20 to 40% of total liver 
weights) of freshly excised liver were minced in ice-cold 0.05 
M Trls-maleate buffer, pH 8.0, containing 0.02% sodium azide. 
The minced liver suspension was homogenized at 0°C in a 
Potter—Elvehjem apparatus (pestle speed at 1200 rpm) for 30 to 
40 seconds. Samples were frozen in liquid nitrogen and stored 
at -17° C. Retinyl ester hydrolase in most subcellular 
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fractions of homogenates retains full activity for at least 12 
months when stored at —20* C (7). 
Retinyl Ester Hydrolase Assays 
Retinyl ester hydrolase activity was determined as 
previously described (12), with the following modifications. 
Incubation mixtures contained 275 mM CHAPS, 2 mg/ml Triton X-
100, up to 5 mM retinyl palmitate, and less than 700 wg 
homogenate protein in 0.1 M Tris-maleate buffer, pH 7.0, at 
37°C. Substrate mixtures were used on the same day of their 
preparation. Residues of hexane extracts were reconstituted 
with 9:1 isopropanol:water. Analysis of retinol formed during 
incubations was expedited by the use of a Waters Associates 
WISP Model 710 HPLC autosampler. Methanol :tetrahydrofuran 
(1:1) was used periodically to flush the column. 
Protein Assays 
The concentration of protein in homogenates was 
determined by use of a Bio—Rad protein assay kit (Richmond, 
CA), which is a method based on that of Bradford (15). BSA 
was used as a protein standard. 
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RESULTS 
Effect of Supplementation Level on Tissue Vitamin A 
Concentrations 
Groups of rats fed 0, 5, 24, 60, and 240 wg retinol/d for 
2 weeks had mean (±S.O.) total vitamin A liver reserves of 
0.66 ± 0.08, 0.72 ± 0.52, 8.5 ± 5.4, 35 ± 6, and 152 ± 
22 us/s- Retinyl esters were not stored in the liver at daily 
intakes of 5 vs/d, which is consistent with earlier 
observations that about 6 us of vitamin A are metabolized 
daily by the adult rat (2,16). At higher levels of vitamin A 
intake both retinol and retinyl esters in the liver increased. 
Mean serum retinol values for rats fed 0, 5, 24, 60, and 240 
Ug/d were 6.2, 20.3, 39.6, 33.8, and 34.6 us/dl, respectively. 
Thus, daily doses of 24 us/d were sufficient to produce normal 
serum retinol concentrations. Serum retinyl esters appear to 
increase proportionately with vitamin A intake. In even the 
group with the highest vitamin A intake, however, no more than 
4% of total serum vitamin A was present as retinyl ester. 
There were no differences in body or liver weights among 
groups, nor were there overt signs of vitamin A deficiency in 
any animals. 
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Optimization of Retinyl Ester Hydrolase Activity in Rat Liver 
Homogenates 
When liver retinyl ester hydrolase in rats was assayed by 
the procedure used in pigs, the specific activity was 
comparable but the interanimal variance was much higher, i.e., 
23—fold versus 2.6—fold. Appropriate assay conditions for the 
pig liver enzyme, however, were found to be suboptimal for the 
assay of the rat enzyme. Therefore, starting with the 
conditions that produced optimal activity in pig liver 
homogenates, the concentrations of CHAPS and retinyl palmitate 
and the pH were each varied individually. 
Fig. 1 illustrates the effect of sodium cholate and CHAPS 
on retinyl ester hydrolase activity in rat liver homogenates. 
Both detergents brought about optimal stimulation of hydrolase 
activity at 275 mM. At higher concentrations of sodium 
cholate, hydrolase activity fell off rapidly, whereas with 
CHAPS concentrations up to 450 mM, activity remained 
relatively constant. 
Substrate dependency curves are shown in Fig. 2 for 
assays performed with 275 mM CHAPS or sodium cholate. Error 
bars indicate the standard deviation for hydrolase activities 
of 24 or 25 rats measured at each substrate concentration. 
The apparently large error is a result of the variability in 
individual liver homogenates, not to poor reproducibility in 
the assay. Retinyl ester hydrolase activity displayed 
Figure 1. Bile salt stimulation of rat liver retinyl ester 
hydrolase (REH) activity. Incubation mixtures 
contained either CHAPS (•) or sodium cholate (•) 
and 0.9 mM retinyl palmitate, 2 mg/ml Triton 
X—100, and 0.1 M Tris—maleate buffer, pH 7.0. 
Error bars represent the S.E. of means of 4 
repetitions per data value, except for the three 
highest sodium cholate concentrations where n=l. 
The 100% values for CHAPS and for cholate 
corresponded to actual activities of 11.5 and 1.7 
nmol retinol/h/mg, respectively 
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Figure 2. Substrate dependency of rat liver retinyl ester 
hydrolase (REH). Liver homogenates (380—730 yg 
protein) were incubated with 275 mM CHAPS (•) or 
275 mM sodium chelate (Q) and 2 mg/ml Triton 
X—100 in 0.1 M Tris—maleate, pH 7.0 for 45 
minutes, with the indicated retinyl palmitate 
concentration. Each point is the mean of the 
hydrolase activities of 24 or 25 rats ± S.D. 
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Michaelis kinetics. A plot of 1/v versus 1/S gave an apparent 
of 1.3 mM. 
The substrate dependency curve determined in the presence 
of 275 mM sodium cholate appeared similar to that of CHAPS, 
but activities at the two concentrations of cholate tested 
were much lower. One rat liver homogenate had very high 
hydrolase activity in sodium cholate that deviated by more 
than 50 S.O. from the mean of the other activities. Based on 
this information and on the Q-test (17), this value was 
rejected. Interestingly, activity of the same liver in CHAPS 
was still high but fell within the expected range. 
Fig. 3 illustrates the pH dependency curves of retinyl 
ester hydrolase activity in liver homogenates from two 
different rats. In each case optimal activity was observed at 
pH 7.0 in 0.1 M Tris-maleate buffers of pH 5.5 to 9.0, which 
contained 275 mM CHAPS. 
Effect of Bile Salt Type and Concentration on Apparent 
Activity and Interanimal Variability 
Table 1 compares the effects of bile salt type on the 
mean values of retinyl ester hydrolase activity and its 
interanimal variability. At 5 mM retinyl palmitate 
concentrations, 275 mM CHAPS stimulated hydrolase activity 9.3 
± 8.5 (S.D., range=3.0 to 42.4) times greater than sodium 
cholate did. CHAPS also provided lower interanimal 
Figure 3. pH Dependency of rat liver retinyl ester 
hydrolase (REH). The two curves represent the 
hydrolase activities of different rat liver 
homogenates incubated with 0.9 mM retinyl 
palmitate, 2 mg/ml Triton X—100, and 275 mM CHAPS 
in 0.1 M Tris—maleate buffers at the indicated pH 
(37® C) 
L 
i 
Relative REH Activity (%) 
Table 1. Effects of CHAPS or sodium cholate, and of retinyl palmitate 
concentrations on the interanimal variability in retinyl ester 
hydrolase activity 
Retinyl Mean Coefficient 
Palmitate REH Interanimal of • 
a Concentration Activity y Variability Variation^ 
Bile Salt (mM) (nmol/h/mg) (-fold) (%) 
CHAPS 0.5 6.9 ± 3.2 14 46 
1 10.0 ± 4.7 11 47 
2.5 16.1 ± 6.9 6 43 
5 20.8 ± 8.8 5 42 
Sodium 
Cholate 1 1.5 ± 1.0 34 67 
5 3.1 ± 2.4 37 77 
^Bile salt concentration was 275 mM. Other assay conditions are 
described in Fig. 2. 
^Values are given as the mean ± S.D. N=25 for CHAPS, and 24 for 
sodium cholate. One data value obtained in cholate was rejected because it 
was greater than 50 S.D. from the mean of the other values. 
"^Calculated by dividing the rate in the homogenate with greatest 
retinyl ester hydrolase activity by the rate in the least active one. 
^Calculated as (S.D./mean) X 100. 
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variabilities and coefficients of variation, which were 14-41% 
and 55-69%, respectively, of those in sodium cholate. 
Variability was lowered by high substrate concentration in 
CHAPS, but not in sodium cholate. 
Relationship Between Vitamin A Nutritional Status and Retinyl 
Ester Hydrolase Activity 
Hydrolase activities were determined by 7 different 
assays on all rat liver homogenates: with 275 mM CHAPS and 
0.5, 1, 2.5, and 5 mM retinyl palmitate; with 275 mM sodium 
cholate and 1 and 5 mM retinyl palmitate; and with 100 mM 
CHAPS and 0.5 mM retinyl palmitate, at pH 8.0. 
Correlations were very poor (r=-0.02 to -0.15) between 
retinyl ester hydrolase activity measured in 275 mM CHAPS or 
sodium cholate and serum retinol concentrations (data not 
shown). Hydrolase activities measured in low CHAPS and 
retinyl palmitate concentrations were inversely correlated to 
serum retinol concentrations with nominal significance 
(r=-0.47, p<0.05). 
Fig. 4 shows the relationships between retinyl ester 
hydrolase activity and vitamin A liver reserves. Hydrolase 
activity in panel A, measured in 275 mM CHAPS and 5 mM retinyl 
palmitate, is representative of assays performed in 0.5, 1, 
and 2.5 mM retinyl palmitate as well. The correlation was 
poor, with r=-0.36 (p<0.1). Similarly, when hydrolase 
Figure 4. Relationship between retinyl ester hydrolase 
activity and vitamin A liver reserves. Panel A: 
Activity measured in 275 mM CHAPS, 5 mM retinyl 
palmitate, 2 mg/ml Triton X—100, and 0.1 M Tris-
maleate, pH 7.0. Panel B: Activity measured in 
an assay identical to panel A except CHAPS was 
replaced with 275 mM sodium cholate. Panel C: 
Activity measured in 100 mM CHAPS, 0.5 mM retinyl 
palmitate, 2 mg/ml Triton X-100, and 0.05 M Tris-
maleate, pH 8.0 
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activity was measured in 275 mM sodium chelate and 5 mM 
retinyl palmitate (panel B), the correlation was -0.36. 
The relationship between hydrolase activity measured in 
100 mM CHAPS and 0.5 mM retinyl palmitate concentrations and 
liver reserves (panel C) was most appropriately represented by 
two best-fit lines for rats with liver reserves of 0-11 and 
10-200 us/8- Under these assay conditions, livers with 
vitamin A reserves less than 10 us/s showed hydrolase 
activities that were significantly greater (p<0.01) than those 
of livers containing higher stores. 
Hydrolase activities are compared in Table 2 for groups 
of rats with daily vitamin A Intakes of 0, 5, 24, 60, or 
240 wg retinol/d for 2 weeks. Hydrolase activities measured 
in 275 mM CHAPS and 5 mM retinyl palmitate remained relatively 
unchanged, except for a possible decrease (p<0.1) in rats 
receiving 240 pg/d. Similar results were obtained for 
hydrolase activities measured in 275 mM sodium cholate and 
5 mM retinyl palmitate, but in this case the hydrolase 
activity in the 240 wg group was significantly lower (p<0.05) 
than that in the 5 wg group 
In 100 mM CHAPS and 0.5 mM retinyl palmitate hydrolase 
activity was clearly and significantly depressed by increasing 
dietary intakes of vitamin A (Table 2). 
Table 2. Relationship between vitamin A intake and liver retinyl ester 
hydrolase (REH) activity 
REH Activity (nmol retinol/h/mg) 
Vitamin A Intake 275 mM CHAPS* 275 mM Sodium Chelate* 100 mM CHAPS^ 
(wg retinol/d) 5 mM Substrate 5 mM Substrate 0.5 mM Substrate 
0 21.36 ± 5.56 3.50 ± 2.46 7.10 ± 2.07 
5 24.05 ± 8.60 3.87 ± 1.93 5.32 ± 2.09* 
24 20.43 ± 5.18 2.49 ± 1.07 3.90 ± 1.82* ** 
60 24.29 ± 14.12 4.36 ± 3.73** 1.89 ± 1.02*'** 
240 13.72 ± 6.11 1.30 ± 0.98 1.75 ± 1.33 ' 
^Assays were performed as described in Fig. 2. Data are presented as 
means ± S.D. 
^Less than 1 mg homogenate protein was incubated for 1 hr. in 0.05 H 
Tris—maleate, pH 8.0, containing 100 mM CHAPS, 2 mg/ml Triton X—100, and 
0.5 mM retinyl palmitate. 
* 
According to Student's jt—test, significantly lower that the 0 vg/d 
group (p<0.05). 
* * 
Significantly lower than the 5 wg/d group (p<0.05). 
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DISCUSSION 
In the assay method developed by Harrison et al,. (7) and 
modified by Prystowsky and coworkers (8), rat liver retinyl 
ester hydrolase activity is optimal in 14 mM sodium cholate in 
the presence of radiolabelled 10 wM retinyl palmitate. In the 
present study, optimal hydrolase activity was noted in 275 mM 
CHAPS and 2 mg/ml Triton X—100, with 5 mM retinyl palmitate. 
Mahadevan ejt al.. (4), who also used 2 mg/ml Triton X-100 in 
the assay of retinyl ester hydrolase, found optimal activity 
with 19 mM sodium taurocholate and 0.5 mM retinyl palmitate. 
Because Mahadevan's enzyme preparation was an ammonium sulfate 
fraction of rat liver acetone powder, endogenous lipids and 
lipid cofactors were absent. These varied results suggest 
that assays of retinyl ester hydrolase activity can be 
optimized by several different combinations of detergent and 
substrate, and that the final optimal concentrations may 
depend on the presence of endogenous lipids. 
The nature of the assay mixture, and particularly of the 
bile salt used, may also explain the range of optimal pH 
values (pH 7.0-8.6) and the differences in apparent values 
that we and others have observed (4,7,18). The apparent of 
retinyl ester hydrolase in our assay system was 1.3 mM, which 
is a concentration of retinyl palmitate that this enzyme may 
well encounter in vivo. In a rat with liver reserves of 
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100 us/St the average concentration of retinyl esters is 
approximately 0.35 mM, assuming that the density of liver is 
1 g/ml. Because hepatic retinyl esters are localized in lipid 
globules (3), their concentration in these intracellular 
structures may be much higher. Thus, retinyl ester hydrolase 
seems to operate well in high lipid environments and its 
activity may well be controlled in liver by effector molecules 
and by substrate concentration. 
A goal of this study was to determine the source of 
interanimal variability in hydrolase activity. The bile salt 
used was the most important factor influencing variability 
inasmuch as activities in CHAPS varied only 5-fold compared to 
37—fold in sodium cholate. These results agree with the low 
variability observed in pigs when hydrolase activity was 
measured in CHAPS (3-fold) (12) and with the high variability 
found in rat hydrolase activity in the presence of sodium 
cholate (40-fold) (7). Additionally, hydrolase activity was 
an average of 10-fold greater in CHAPS compared to sodium 
cholate. 
Because liver homogenates are complex mixtures, the 
reasons for the different effects of CHAPS and sodium cholate 
on hydrolase activity cannot be identified with certainty. 
Features of CHAPS that may explain our observations are its 
zwitterionic character, as opposed to the anionic character of 
sodium cholate, and its superior ability to solubilize and 
stabilize protein (19—21). It is clear that the micellar 
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structure of CHAPS and its Interaction with proteins differs 
from that of sodium cholate. Also, because the ratios of 
retinyl ester hydrolase activities in CHAPS relative to sodium 
cholate were variable (3- to 42—fold), other factors such as 
the existence of multiple hydrolases or effector molecules may 
well influence variability. 
The relationship between liver retinyl ester hydrolase 
activity and physiological indicators of vitamin A status was 
also studied because vitamin A status has been shown to affect 
vitamin A turnover (22) and the release of vitamin A from the 
liver (5), processes in which the hydrolase is thought to play 
a role. 
In agreement with previous observations (12), maximally 
stimulated liver hydrolase activity was Independent of serum 
and liver vitamin A concentrations. Thus the maximal retinyl 
ester hydrolase activity of liver apparently is not Influenced 
by the vitamin A status of the animal. In the absence of 
other regulatory mechanisms, hydrolase activity in the liver 
would be controlled by endogenous substrate concentration. 
A high CHAPS concentration however, may well mask more 
subtle regulatory factors. In reduced detergent and substrate 
concentrations, for example, hydrolase activity was 3-fold 
higher in rats with liver reserves below 10 yg/g and was 
strongly influenced by dietary intake. An analogous situation 
may well occur with pancreatic lipase, in which the inhibitory 
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effects of protein on Its activity in the presence of co— 
lipase are overcome by bile salts (23). 
Stimulation of hydrolase activity in vitamin A depletion, 
as we have shown at lower CHAPS and substrate concentrations, 
or suppression of its activity in vitamin A sufficiency would 
be compatible With a model of hepatic vitamin A metabolism In 
which a constant supply of retlnol for secretion in plasma is 
maintained. Such a mechanism could offset changes in 
hydrolysis caused by fluctuations in substrate concentrations 
In the liver. 
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ABSTRACT 
Pig liver homogenates catalyzed the hydrolysis of several 
cis isomers as well as the all—trans form of retinyl 
palmitate. Relative esterase activities toward 9.13-cis. 13-
cia. 9—els. and all—trans retinyl palmitate were 6.8+0.5 
(S.E.), 5.7+0.5, 2.4+0.1, and 1, respectively. The rates of 
hydrolysis of each of these substrates were significantly 
correlated with each other in homogenates from different 
livers, and each of the reactions had similar apparent 
values (142 to 268 wM) and pH optima (8-9). Hydrolase 
activities toward 13—cis and all—trans retinyl palmitate 
precipitated predominately at 20 to 40 and at 60 to 80% of 
saturated ammonium sulfate solutions, respectively. By size-
exclusion chromatography of the 20—40% fraction in 2 M KCl, 
hydrolase activity eluted at volumes corresponding to 
>2,000,000, 180,000, and 15,000 daltons. Identical treatment 
of the 60 to 80% precipitate yielded a single peak of 
hydrolase activity at 180,000 daltons. Retinyl ester 
hydrolase activities in these peaks showed different 
detergent—dependent substrate specificities and 
susceptibilities to inhibition by phenylmethylsulfonyl 
fluoride. Our current interpretation of these observations is 
that three retinyl ester hydrolases are present in pig liver. 
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INTRODUCTION 
Hydrolysis of vitamin A esters by liver is important 
during their uptake as part of chylomicron remnants and during 
their mobilization from storage in vitamin A—containing 
globules (1). In this context, the hydrolysis, at alkaline 
pH, of long—chain fatty acyl esters of all—trans retlnol has 
been studied in rat and pig liver homogenates (2-5), 
subcellular fractions (6), and partially purified preparations 
(7-10). The reaction is catalyzed by retlnyl ester hydrolase, 
a lipophilic enzyme that is found in all subcellular 
fractions, and whose activity is stimulated by trihydroxy bile 
salts. 
The hydrolysis of els isomers of retlnyl palmitate has 
not previously been Investigated. Cls Isomers of vitamin A, 
however, can be a slgnfleant dietary source of the vitamin 
(11,12), show substantial biological activity (13,14), are 
converted to all—trans isomers in vivo (11,15,16) and are 
stored in the liver (16,17). Thus, it seems reasonable that 
the liver should also be able to hydrolyze cls retlnyl esters. 
Recently, we developed a modified assay for all—trans 
retlnyl ester hydrolase activity in pig liver (5) in which cls 
and trans isomers of retlnyl esters and of retlnol can be 
separated and measured. By use of this assay technique, we 
show In the present study that 13-cls. 9-cls. and 9.13-cls 
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retlnyl palmltate as well as the all—trans ester are readily 
hydrolyzed by pig liver homogenates. On the basis of protein 
fractionation, inhibition, detergent-dependency and isomer 
specificity, we suggest that three separate retlnyl ester 
hydrolases are present in pig liver. 
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MATERIALS AND METHODS 
Chemicals 
Triton X-100, CHAPS, sodium chelate, retinol, retinal, 
retinyl palmitate, sodium borohydride, PMSF, Tris-HCl, Tris-
maleate, Sepharose CL—6B, thyroglobulin, apoferritin, 6-
amylase, alcohol dehydrogenase, albumin, carbonic anhydrase, 
and cytochrome c were purchased from Sigma Chemical Co., St. 
Louis, MO. Certified solvents for HPLC, including hexanes, 
ethyl acetate, dioxane, and methanol as well as analytical 
grade inorganic chemicals were purchased from Fisher 
Scientific Co., Minneapolis, MN. 
Animals 
The pigs used in this study and their experimental 
treatment are described in a previous report (5). 
Synthesis, HPLC Purification, and Identification of Retinol 
and Retinyl Palmitate Isomers 
A mixture of isomers was obtained by irradiating all-
trans retinal, as previously described (18). The all—trans. 
9—els. and 13—els. isomers of retinal were purified by 
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preparative HPLC on a Whatman Partisil M9 10/50 column 
preceded by a 4.6X25 mm guard column packed with pellicular 
silica. The isomers were eluted with 3.5% ethyl acetate in 
hexanes at 9 ml/min. The identities of these isomers were 
confirmed by 300 MHz NMR analysis (19), by their UV absorbance 
maxima, which were obtained on a Shimadzu UV—240 scanning 
spectrophotometer (Columbus, MA), and by their chromatographic 
behavior. Isomers of retinol were prepared by reducing the 
corresponding isomer of retinal with sodium borohydride (18). 
9.13—cis Retinol was produced by saponification of the 
corresponding retinyl palmitate isomer. 
Isomerates of retinyl palmitate were prepared by exposure 
of all—trans retinyl palmitate to light in the presence of Ig 
by the procedure of Rando and Chang (20). The sizable amounts 
of all—trans. 9—cia. 13-cis. and 9,13—cis, retinyl palmitate 
thus obtained were purified on a preparative Whatman Partisil 
M20 10/50 HPLC column by use of 1% ethyl acetate in hexanes at 
18 ml/min. Retinyl palmitate isomers were identified by the 
same criteria used for the retinol isomers (19). 
All-trans. 13—cis. 9—cis. and 9.13-ciB retinyl palmitate 
preparations used as substrates or as standards, were greater 
than 99.5, 99.0, 97.6, and 96 . 456 pure, respectively, with 
regard to contaminating isomers. 
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Straight-Phase Analytical HPLC of Retlnol and Retinyl 
Palmitate Isomers 
All—trans. 9—cis. 13-c1b. and 9.13—cis retlnol were 
resolved on an Excalibur 4.6X250 mm analytical column with 5 
Mm silica packing (Applied Sciences, State College, PA). The 
column was protected with an Uptight guard column containing 
pellicular silica packing (Whatman, Clifton, NJ). Retinol 
isomers eluted between 8 and 12 minutes with the solvent 
system composed of hexanes: ethyl acetate:dioxane (86:12:2) at 
a flow rate of 1 ml/min. Peaks were identified by co-elution 
with known standards and by UV absorbance maxima. 
To separate the same isomers of retinyl palmitate between 
5 and 7 minutes, the same Excalibur column was used with 1% 
ethyl acetate in hexanes as the mobile phase. Similar HPLC 
solvent systems have used by others (20). 
Retinyl Ester Hydrolase Assays 
Tissue homogenates were prepared, and retinyl ester 
hydrolase assays were carried out as described previously (5). 
In the present study, however, 13—cis. 9—cis, and 9.13-cis 
retinyl palmitate were used as substrates in addition to the 
all—trans isomer. The hydrolysis of each substrate 
predominantly yielded retinol of the same geometric 
configuration, but also small amount of several other isomers. 
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Thus, the total retlnol peak area was multiplied by a factor 
that corrected for the relative contributions of each of the 
retinol isomers present. Apparent values were determined 
from plots of 1/V versus 1/S. 
Separation of Retinyl Ester Hydrolase Activities 
All procedures were performed at 4°C. Pig livers were 
thawed and homogenized in 7 volumes of 0.01 M Tris-HCl, pH 
7.0, with a Potter—Elvehjem homogenizer. The resulting 
homogenate was filtered through several layers of cheesecloth 
and centrifuged at 110,000 X g. for 1 hour to produce a 
cytosolic fraction. Pulverized ammonium sulfate was slowly 
added with stirring to the cytosol, followed, for each 
fraction, by a 20 minute equilibration period and then 
centrifugation at 15,000 X g for 16 minutes. Precipitates of 
each fraction were redissolved in 2 volumes 0.01 M Tris—HCl 
buffer, pH 7.0, and stored at -17°C. 
Size exclusion HPLC was performed on a 7.5X300 mm 
Spherogel-TSK G5000-PW column (Toyo Soda, Yamaguchi-Ken, 
Japan) with a 7.5X75 mm TSK guard column SW (Toyo Soda) and 
0.01 M Tris—HCl, pH 7.0, buffer as the eluant. Other 
components of this system were a Waters 510 pump (Bedford, 
MA), an ISCO V—4 UV detector (Lincoln, NE), and a Shimadzu 
CR3A integrator. A molecular weight calibration curve (log 
molecular weight versus V /V ) was constructed from the 
e o 
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elution volumes of khyroglobulin (669 kDa), apoferritin 
(443 kDa), 0—amylase (200 kDa), alcohol dehydrogenase 
(150 kDa), albumin (66 kDa), and carbonic anhydrase (29 kDa). 
A Sepharose CL—6B column (1.6X33.5 cm) was prepared in 
0.01 M Tris-HCl, pH 7.0, and then equilibrated with several 
column volumes of 0.05 M Tris—maleate, pH 6, which contained 
2 M KCl. One ml portions of redissolved precipitates were 
applied to this column. Fractions of 3.5 ml were collected 
and assayed for absorbance at 280 nm and for all—trans and 13— 
cis retinyl ester hydrolase activity. The molecular weight 
calibration curve for this column included elution volumes of 
the aforementioned protein standards, except that B-amylase 
was not used, and cytochrome c (12.4 kDa) replaced carbonic 
anhydrase. These proteins were chromatographed individually 
in buffer containing 2 M KCl. 
Inhibition of hydrolysis by phenylmethylsulfonyl fluoride 
(PMSF) was carried out according to the procedure described by 
Blaner e^ al. (9) on fractions with greatest hydrolase 
activity from the Sepharose—column chromatography step. 
Substrate specificities were determined on these same 
fractions. Sodium cholate at a final concentration of 200 mM 
in the incubation mixture was used in place of 100 mM CHAPS in 
some of these assays. 
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RESULTS 
Characterization and Comparison of Retinyl Palmitate Isomer 
Hydrolysis by Pig Liver Homogenates 
Reaction rates, apparent values, and pH optima for the 
hydrolyses of all—trans. 13-cls. 9—cis. and 9.13-cis retinyl 
palmitate by pig liver homogenates are given in Table 1. The 
mean relative hydrolytlc rates were highest for the 9.13-cis 
isomer (6.8) and lowest for the all-trans form (1). The 
relative rates of hydrolysis of the isomers in each of the 
four pig livers were highly correlated (r=0.96, p<0.005). The 
mean apparent for all—trans retinyl palmitate (142 wM), was 
30—50% lower than the apparent mean K^s for the hydrolysis of 
the 3 cis Isomers (209, 232 and 268 yM). Although only two 
determinations were made in each of these cases, the all-trans 
ester does seem to have a higher affinity for the hydrolase 
than do the cis forms. The pH optima for all isomers tested 
were between pH 8 and 9. The rates of hydrolysis of 13—cis 
and 9.13—cis retinyl palmitate increased nearly 2.5-fold over 
the range tested (pH 6.5—9), whereas those of the all—trans 
and 9-cls forms rose only 44%. 
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Table 1. Hydrolysis of retinyl palmitate isomers by pig liver 
homogenates 
Retinyl Relative 
Palmitate REH Apparent pH 
Isomer Activity* Michaelis Constant Optimum^ 
all—trans 
13-cls 
9-ci3 
9,13—cis 
1 . 0  
5.7 ± 0.4 
2.4 ± 0.1 
6.8 ± 0.3 
141, 143 MM 8-9 
190, 228 8.5-9 
232, 304 8-9 
220, 244 8.5-9 
Homogenates (0.66-0.88 mg protein) were incubated at pH 
8.0 in the presence of 0.05 M Tris-maleate buffer, 2 mg/ml 
Triton X—100, 100 mM CHAPS, and 0.5 mM purified retinyl 
palmitate. Activity is expressed as the mean (±S.E.) activity 
relative to all—trans retinyl palmitate in liver homogenates 
from 4 pigs. 
^Apparent values for the hydrolase activity in liver 
homogenates from two different pigs are cited. Assay 
conditions except for substrate concentration, were as 
described in footnote a. 
Q 
Assays were carried out as above, except that the pH was 
varied. Homogenates from 2 pigs were tested with each isomer. 
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Separation of Retinyl Ester Hydrolase Activities 
The hydrolytic activities towards all-trans and 13—cis 
retinyl ester were differentially precipitated from pig liver 
cytosol by ammonium sulfate (Table 2). About three—fourths of 
the hydrolytic activity toward 13-cls retinyl palmitate was 
precipitated at 20 to 60% saturation, whereas about 90% of the 
activity toward the all—trans isomer was precipitated at AO to 
80% saturation. 
When aliquots (150 yL) of redissolved ammonium sulfate 
(AS) precipitates from the 20 to 40% and the 60 to 80% AS 
fractions were separately injected onto a Spherogel-TSK G5000-
PW size—exclusion HPLC column, hydrolytic activities toward 
both retinyl palmitate isomers eluted at volumes corresponding 
to molecular weights greater than 1.7 X 10^ daltons (data not 
shown). These high molecular weight aggregates were largely 
disrupted by treatment with 2 M potassium chloride in pH 6 
buffer. Thus, when the 20 to 40% AS fraction was 
chromatographed on a Sepharose CL—6B column in the presence of 
2 M KCl, 13-cls retinyl ester hydrolase activity eluted at 
volumes corresponding to >2 X 10^, 180,000, and 15,000 
daltons, whereas activity toward the all-trans isomer eluted 
predominantly in the 15,000 dalton peak (Fig. 1). In 
contrast, the all—trans and 13—cis retinyl ester hydrolase 
activity in the 60 to 80% AS fraction eluted in a single broad 
peak with an approximate mean size of 180,000 daltons. The 
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Table 2. Ammonium sulfate precipitation of pig liver cytosol 
Hvdrolytic Activity Precipitated (%) 
Ammonium Sulfate 
Concentration Range 
(% saturation) 
Retinyl palmitate 
all—trans® 
substrate 
la-cis*^ 
0-20 1 2 
20-40 9 38 
40-60 40 35 
60-80 50 25 
80-100 0 0 
^Recovery of activity was 102%. 
'^Recovery of activity was 86%, 
Figure 1. Size—exclusion chromatography of the 20 to 40 
(upper panel) and 60 to 80% (lower panel) ammonium 
sulfate fractions of pig liver cytosol. 1 Ml of 
each redissolved precipitate was eluted from a 1.6 
X 33.5 cm Sepharose CL—6B column with 2 M KCl in 
0.05 M Tris-maleate, pH 6.0. 3.5 Ml aliquots of 
elutent were collected and assayed for absorbance 
at 280 nm (•), and for the hydrolyses of all—trans 
(#), and 13—els (•) retinyl palmitate 
REH ActivitY (nmol/h/ml) 
Absorbance at 280 nm X 10 
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total recoveries of hydrolase activity from the columns were 
>50%. 
Characterization of Column Fractions Containing Retinyl Ester 
Hydrolase Activity 
The peak of hydrolase activity from column chromatography 
of the 60 to 80% AS fraction, and the 3 peaks of hydrolase 
activity from the 20 to 40% AS fraction were characterized 
relative to their inhibition by PMSF, substrate specificities, 
and detergent-dependency. Hydrolytic activities toward all-
trans. 13-cis. and 9-cis retinyl palmltate in each of the 
chromatographic peaks were inhibited by PMSF (Fig. 2). The 
most obvious difference in inhibition was between the 180,000 
Dalton peak of the 60 to 80% AS fraction (Panel 0), which 
retained only about 5% of its hydrolytic activity at 0.1 mM 
PMSF, and the hydrolytic activities of the other 3 peaks 
(Panels A-C) which retained greater than 50% of their optimal 
activity at the same PMSF concentration. Thus, hydrolase 
activities in the 180,000 Dalton peaks of the 60—80% AS 
fraction and of the 20—40% AS fraction can be differentiated 
on these grounds. 
The degree of Inhibition of activity toward each of the 
Isomers tested was roughly similar for a given PMSF 
concentration in all of the isolated enzyme fractions. 
Figure 2. Inhibition by PMSF of retinyl ester hydrolase (REH) 
activities that were separated by Sepharose CL—6B 
chromatography in 2 M KCl. Each enzyme fraction 
was incubated with PMSF at the indicated 
concentrations for 30 minutes at room temperature. 
Thereafter, retinyl ester hydrolysis was initiated 
by the addition of all-trans (#), 1S-cis (•), or 9-
cis (O) retinyl palmitate at a final assay 
concentration of 0.5 mM. Panel A: 20-40% AS, 
>2X10* Dalton peak; Panel B: 20-40% AS, 1.8X10^ 
Dalton peak; Panel C: 60—80% AS, 1.8X10^ Dalton 
peak. Because all isomers were inhibited equally 
in this case, only the all—trans symbol is used 
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Figure 3. Effect of the detergent used on the hydrolysis of 
different isomeric forms of retinyl ester by 
fractions from Sepharoae CL-6B chromatography. 
Relative rates of hydrolysis toward 0.5 mM all-
trans. 13-cia. 9-cis. and 9.13-cis retinyl 
palmitate were tested in 100 mM CHAPS (striped 
bars), and 200 mM sodium cholate (black bars). The 
upper panel represents the substrate specificity of 
the high molecular weight peak and of the 180,000 
Dalton peak of the 20 to 40% ammonium sulfate 
fraction, which were identical, the middle panel 
the substrate specificity of the 15,000 Dalton peak 
of the same fraction, and the lower panel the 
substrate specificity of the 180,000 Dalton peak of 
the 60 to 80% ammonium sulfate fraction 
100 
ea CHAPS Sodium Cholattt 
20-40% ASbXD(1irD« 
20-40% A*. taxio*&, 
20-40% ASLtSXNTD* 
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all-trans 13-gIs 9-sIs 9,l3-gl5 
Retlnyt Palmltate Substrate 
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The relative rates of hydrolysis of retinyl palmltate 
isomers by peaks of hydrolase activity from the Sepharose 
column run were also compared in 100 mM CHAPS and 200 mM 
sodium cholate (Fig. 3). The isomeric specificity of the high 
molecular weight peak of the 20 to 40% AS precipitate is not 
shown in Fig. 3 because it was identical to that of the 
180,000 Dalton peak of the same precipitate. Two distinctly 
different patterns were noted, one (Pattern I) characteristic 
of the high molecular weight and 180,000 Oalton peaks of the 
20-40% AS fraction, and the other (Pattern II) found in the 
15,000 Dalton peak of the 20—40% AS fraction and the 180,000 
peak of the 60-80% AS fraction. Of particular interest as 
well is that the relative specificity towards given isomers 
could be readily affected and even inverted by the detergent 
used, e.g., activities toward the all—trans and 13—els isomers 
in Pattern I (Fig. 3). 
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DISCUSSION 
Pis liver homogenates catalyze the hydrolysis of 13-cis. 
9—cis. and 9.13-cis as well as all-trans retinyl palmitate in 
vitro. Thus, the liver clearly has the ability to hydrolyze 
its stores of cis retinyl esters. To our surprise, cis 
isomers of retinyl palmitate were hydrolyzed by pig liver 
homogenates 2 to 7 times faster than the all-trans congener. 
If this reflects overall hydrolytic rates in vivo. it may 
partially explain why the storage efficiencies of these 
isomers in the liver are only 21 to 75% that of all—trans 
retinol (12). 
The pH optima for the hydrolyses of all isomers were 
similar, whereas the apparent value for the all—trans 
isomer was about 50% that for the cis isomers. However, these 
dissimilarities in values might well be attributed to the 
markedly different configurations of these isomers rather than 
to the presence of several hydrolases. Nonetheless, because 
more than one retinyl ester hydrolase might well exist, the 
cytosol of pig liver was fractionated by ammonium sulfate 
treatment and by column chromatography. 
By ammonium sulfate fractionation, hydrolase activity 
towards the 13—cis Isomer was precipitated sooner than that 
towards the all-trans isomer (Table 2). In subsequent 
chromatography of these fractions, it became clear that the 
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enzyme in low salt solution formed very large aggregates 
(>1.7X10* Daltons) without, however, losing its activity. The 
addition of 2 M KCl during subsequent chromatography allowed 
the separation of four broad, enzymically active peaks with 
mean molecular weights of >2,X10*, 1.8X10^, 1.5X10^ Daltons 
from the 20—40% AS fraction and of 1.8X10^ Daltons from the 
60—80% AS fraction. Because of the ready aggregation of these 
proteins, molecular weight cannot be used to distinguish 
inherently different enzymes. Thus, the relative activity 
towards four isomers of retinyl palmitate, the dependency of 
the activity on the detergent present, and the inhibitory 
action of phenylmethylsulfonyl fluoride towards each of the 
fractions was examined. A summary of the characteristics of 
each of the four fractions is given in Table 3. 
Fraction II probably contains a distinct enyme. Its 
activity is maximal toward the 13—cis isomer in CHAPS and the 
all—trans isomer in cholate, its general detergent effects 
follow Pattern I, and it is weakly inhibited by PMSF. 
Fraction I, which shows similar characteristics, only differs 
from fraction II in molecular weight. Thus, fraction I is 
probably an aggregate of fraction II, either with itself or 
with other interactive proteins. 
Fraction III probably contains as well a distinct 
hydrolase. It shows a low molecular weight (15,000), which 
probably, but not necessarily, is a monomeric form. Its 
activity is maximal with the 9.13—els isomer in both 
Table 3. Comparison of the size and enzyme characteristics of fractions 
with retinyl ester hydrolase activity 
AS Apparent 
Maximal 
Isomer Activity Detergent PMSF 
Fraction Fraction MW CHAPS Cholate Pattern Inhibition 
I 
II 
III 
IV 
20-40% 
20-40 
20-40 
60—80 
>2X106 
1.8X10^ 
1.5X10: 
1.8X10^ 
13—cis 
13—cis 
9.13—cis 
9.13-cis 
all—trans 
all—trans 
9.13—cis 
9.13—cis 
I 
I 
II 
II 
. weak 
weak 
weak 
strong 
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detergents, and the all-trans isomer is hydrolyzed at only 10— 
45% of the maximal rate. It. too, is weakly inhibited by 
PMSF. 
Fraction IV, with the same molecular weight as fraction 
II, also seems to be a distinct hydrolase. Like fraction III, 
it shows maximal activity towards the 9.13-cis isomer and 
follows Pattern II in detergent-dependency. It is the only 
fraction, however, that is strongly inhibited by PMSF. 
The existence of three distinct hydrolases in pig liver 
is supported by our studies, but clearly is not proven. 
During aggregation, changes in the properties of a single 
active monomer may be sufficiently marked to provide the data 
obtained. Furthermore, different aggregates of the same size, 
such as fractions II and IV, might form with quite different 
physical and enzymatic properties. Examples of such enzyme 
aggregates with very different properties, however, are rare. 
The existence of different hydrolases in the liver is 
favored by the observations that retinyl ester hydrolysis 
occurs in several different sites with two cells of the liver, 
the parenchymal cell and the stellate cell, and that each of 
these hydrolases should be influenced differently by dietary 
and hormonal factors as well as by the vitamin A status of the 
animal. 
Although we originally anticipated that different 
hydrolases might show absolute specificity for a given isomer, 
none of the isolated fractions did so. Indeed the highest 
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ratio of hydrolytic rates observed between the most and the 
least active isomer was approximately 10, with the usual ratio 
being between 2 and 5. Usually the 9-cie and 9.13-cis isomers 
were hydrolyzed at similar rates, with the 13—cis and all-
trans isomers showing indendent patterns. Esters of the cls-
isomers under most conditions were hydrolyzed more rapidly 
than the all—trans isomer. Because cis double bonds create a 
marked bend in the retinol moiety close to the hydrophilic 
region of the ester, the ester linkage may be more accessible 
to retinyl ester hydrolase, resulting in greater hydrolytic 
rates. Because of the marked Influence of different 
detergents on the Isomer specificity under same conditions 
(Pattern I), the relative rates of isomer hydrolysis are 
clearly affected by the structure of the Isomer Itself, the 
detergent present, and the nature of the hydrolase. 
We did not investigate the specificity of these hydrolase 
fractions towards other lipid esters, e.g., cholesteryl 
oleate. Because retinyl ester hydrolase may well serve in the 
homeostatically controlled release of retinol from Its liver 
reserves, it is attractive to presume that at least one of the 
isolated activities Is highly specific for retinyl esters and 
is subject to metabolic control. Such studies merit future 
attention. 
Enzymes with retinyl ester hydrolase activity in neutral 
pH buffers have been partially purified from rat and chick 
liver (9,21). The rat enzyme requires trlhydroxy bile salts 
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for activity, shows a value of 11 wM, has a tendency to 
aggregate in the absence of detergent, and is precipitated 
from liver acetone powder extracts in the 35-70% AS fraction 
(9). The enzyme retains 61% of its original activity in 0.1 
mM PMSF and is inhibited by NaCl. A chick liver enzyme with 
retinyl ester hydrolase activity shows molecular weights of 
6,000 Daltons as a monomer and 15,000 upon aggregation at low 
ionic strength (21). The enzyme retains 75% of its activity 
in 0.1 mM PMSF, is activated by NaCl, and is stimulated 2-fold 
by sodium cholate (21). Because different procedures of 
isolation and characterization were used in each of the above 
cited studies and in ours, direct comparisons are not 
possible. Nonetheless, the purified rat liver enzyme seems to 
be most similar to our fraction II and the chick liver enzyme 
to our fraction III (Table 3). 
In summary, pig liver homogenates catalyze the hydrolysis 
of 13—cis. 9—cis. and 9.13-ciB as well as all-trans retinyl 
palmitate. Hydrolysis of each.isomer occurs under similar 
conditions, but at least 3 hydrolases, each with some activity 
toward each of the isomers, were separated and studied. This 
finding raises many questions about the roles of each of the 
enzymes jjn vivo and the nature of retinyl ester hydrolysis in 
the liver. 
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GENERAL DISCUSSION 
The main goal of this research has been to characterize 
retinyl ester hydrolase activity in the liver and to elucidate 
how it might be involved in the regulation of vitamin A 
metabolism. 
General Characteristics of Retinyl Ester Hydrolase Activity 
To study more effectively the in vitro characteristics of 
retinyl ester hydrolase a new reliable, sensitive assay for 
the enzyme was developed. Major innovations in the assay are: 
1) The rates of hydrolysis are high, resulting in increased 
sensitivity, 2) labile radioactive substrates are unnecessary, 
3) endogenous retinyl esters and retinol in homogenates are 
sufficiently low in concentration not to influence the 
observed activity, and 4) the geometric configuration of the 
retinol produced can be determined. 
The assay developed here utilized combinations and 
concentrations of components and a pH that differed from 
similar systems developed by others (1,45). This is not 
surprising, since a similar variety of assays are encountered 
for other lipophilic hydrolases such as lipoprotein lipase 
(57). 
Ill 
In the assay developed here, the substrate is added in 
Triton X—100 instead of in a solvent, like ethanol, as 
employed by others. Under these conditions, optimal hydrolase 
activity required bile salt concentrations 5- to 20-times 
greater than those used in previous assay systems (1,45). 
Although the reasons for these differences in satisfactory 
assay conditions are unknown, variations in micellar structure 
can markedly influence the solubility and conformation of 
lipophilic enzymes as well as the availability of substrates 
and the release of products. Furthermore, if retinyl ester 
hydrolase has bile—salt binding sites, like nonspecific lipase 
from pancreas (58), higher concentrations of bile salt may be 
required to overcome competitive binding by Triton X-100. 
A variety of retinyl esters that differed both in the 
geometric configuration of their retinol moiety and in the 
length and degree of unsaturation in their fatty acyl moiety, 
were tested as substrates for retinyl ester hydrolase in pig 
liver homogenates. In general 9.13—els and 13—cis retinyl 
palmitate isomers were hydrolyzed at roughly 6—times the rate 
of the all-trans isomer, followed by retinyl myristate, 
linolenate, and 9-cis retinyl palmitate, which were hydrolyzed 
at approximately twice the rate of all—trans retinyl 
palmitate. Most of the substrates tested here, which were 
hydrolyzed more rapidly than all—trans retinyl palmitate, are 
detected in low steady—state concentrations in the liver. 
Thus, high rates of hydrolysis toward certain esters may 
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contribute to their low concentrations in liver. Other 
factors than the specificity of this enzyme, however are 
involved in producing the observed pattern of retinyl esters 
in the liver. For example, substrates such as retinyl 
stearate, which are hydrolyzed more slowly than retinyl 
palmitate, are present In lower concentrations than retinyl 
palmitate in liver. 
The configuration of the substrate clearly affected the 
specificity. Retinyl esters that are markedly bent, i.e., 
with cis double bonds or with els unsaturation in the fatty 
acyl moiety, were hydrolyzed more rapidly than all—trans or 
saturated acyl esters. Because of their shape, the reactive 
hydrophillc region of the molecule might be more readily 
exposed at the micelle surface, where the hydrolase presumably 
acts. Also, as hydrophoblclty decreased, as with decreasing 
acyl chain length or with an increasing degree of unsaturation 
In the fatty acyl moiety, the rate of hydrolysis Increased. 
The broad specificity of retinyl ester hydrolase is 
understandable inasmuch as at least ten different retinyl 
esters, not Including their geometric isomers, are found in 
rat liver (59). 
Retinyl ester hydrolase required trlhydroxy bile salts 
for optimal activity. In this respect, CHAPS provided a 10-
fold greater activity than sodium cholate and dramatically 
reduced interanimal variability (5— versus 37—fold). These 
two effects were Important factors in studies of regulation 
113 
because the sensitivity of the assay was greatly enhanced and 
because the important role of the bile salt used in the 
unprecedented AO— to 60-fold variability observed in this 
enzyme's activity (45,49) was clearly demonstrated. 
Among bile salts, CHAPS has the ability to solubilize 
functional lipophilic enzymes where typical bile salts fail to 
do so (60—62). In the current report, optimal stimulation of 
rat liver hydrolase was found at 275 mM CHAPS or sodium 
cholate, well above their critical micelle concentrations. 
Thus, the role of bile salts may not be Just to solubilize 
assay components, but to provide a favorable environment for 
this reaction. Because the hydrolysis of retinyl palmitate is 
accompanied by the production of fatty acid anions, release of 
the product from the active site of the enzyme may be reduced 
due to repulsion by the anionic carboxyl region of sodium 
cholate, but not by the sulphobetaine moiety of CHAPS. 
A role for bile salts in the hydrolysis of retinyl esters 
in liver seems unlikely. First, the mean Intracellular 
concentration of bile acids in rat hepatocytes is 0.1—0.3 mM 
(63). Secondly, stellate cells, which are an important 
metabolic pool of retinyl ester hydrolase in liver (48), are 
probably not involved in the hepatic metabolism of bile acids. 
Third, bile salts bind to specific cytosolic proteins as they 
rapidly move from plasma or sites of synthesis to bile 
canallcull (64). Thus, under _in vivo conditions, retinyl 
ester hydrolase activity would seem to be stimulated very 
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little, if at all, by endogenous bile salts. More likely, 
retinyl ester hydrolase first binds to vitamin A-containing 
globules, retinyl esters are then hydrolyzed, and retinol and 
fatty acids are removed by intracellular binding proteins. It 
is clear that retinyl ester hydrolysis can occur, albeit 
slowly, without the involvement of bile acids (53). Thus, 
intracellular retinol-binding protein, fatty acid-binding 
protein, or some other protein, may stimulate hydrolase 
activity by providing a sink for released retinol or fatty 
acids, or even by acting as a cofactor, as apoprotein C-II 
does for lipoprotein lipase and as co-lipase does for 
pancreatic lipase. 
Regulation of Liver Retinyl Ester Hydrolase Activity 
The role of retinyl ester hydrolase in the stringently 
regulated metabolism of vitamin A was studied by determining 
the relationship between physiological indicators of vitamin A 
nutritional status and its activity. These studies indicate 
that absolute rates of liver retinyl ester hydrolysis are 
independent of serum and of liver vitamin A concentrations. 
If serum retinol concentrations are determined by hydrolase 
activity, a significant positive correlation between these two 
entities would exist. On the other hand, if serum retinol 
were the chemical signal that controls the rate of hydrolysis, 
a significant inverse relationship would be expected. On the 
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basis of data presented here, a factor other than serum 
retinol seems to control the absolute rates of retinyl ester 
hydrolase activity. Furthermore, serum retinol values are not 
reflective of hydrolase activity. 
Hydrolase activity, when analyzed in a high concentration 
of CHAPS, did not significantly correlate with vitamin A liver 
reserves from either pigs (depleted to normal reserves), or 
rats (depleted to high reserves). Thus, maximal hydrolase 
activity may be primarily dependent upon substrate 
concentration in, vivo. Given the high apparent of retinyl 
ester hydrolase, this may be possible. 
The cellular and subcellular distribution of retinyl 
ester hydrolase may also affect its activity. Pig liver 
homogenates contained about two—thirds of their hydrolase 
activity in membrane—containing fractions, and at least three 
major enzymes seem to exist. Thus, in liver cells, one 
hydrolase may be membrane bound, with the function to 
hydrolyze chylomicron remnant retinyl esters, while another, 
cytosolic enzyme may act on vitamin A in lipid globules. 
Likewise, stellate cells and hepatocytes may have distinct, 
independently regulated hydrolases. Triglycerides, which also 
have multiple metabolic pools in liver, seem to be hydrolyzed 
by more than one hepatic enzyme with neutral or alkaline pH 
optima (64,65). 
Subtle mechanisms may be involved in the regulation of 
retinyl ester hydrolase activity. One hypothesis put forth by 
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Underwood e_t al,. (66), Is that metabolites of vitamin A 
produced in tissues may return to the liver and stimulate (or 
inhibit) retinyl ester hydrolase. With the pig liver enzymes, 
however, neither retinoic acid nor retinoyl glucuronide 
altered hydrolase activity even at concentrations five times 
greater than the (Cooper, D., unpublished observations). 
In contrast to the above observations, when low detergent 
and substrate concentrations were used, a 3—fold higher rat 
liver hydrolase activity was observed (p<0.01) when liver 
reserves were below 10 us/s- Thus, high detergent 
concentrations may interfere with the interaction of an 
effector molecule with retinyl ester hydrolase. An analogous 
situation occurs with pancreatic lipase, in which the 
inhibitory effects of proteins in the presence of co—lipase 
are reversed by bile salts (67). Thus, as liver reserves and 
retinyl ester concentrations fall, retinyl ester hydrolase 
activity might well be stimulated in order to maintain a 
steady supply of retinol for transfer to plasma retinol— 
binding protein. 
This possibility is consistent with the fact that 
retinol—binding protein accumulates in liver and is rapidly 
released upon the administration of vitamin A (30). After 
such a dose of vitamin A, enhanced levels of hydrolase 
activity may be necessary to maintain retinol in unesterified 
form, since the activity of acyl CoA:retinol acyltransferase 
is not depressed in vitamin A deficiency. If a steady-state 
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situation existed, most of the vitamin A in the dose would be 
stored, since the steady-state concentrations of retinyl 
esters in the liver are much higher than that of retinol. 
The Hydrolysis of Retinyl Palmitate Cis Isomers 
Cis isomers of retinol and retinyl esters are both stored 
in the liver (68,69), and isomerized to the all-trans form 
(68,70,71). Fish livers have an abundance of cis isomers 
(70), but in rats only trace amounts are detected (69). Cis 
isomers are also formed chemically by exposure to light and to 
electron transfer agents. The mechanisms by which the liver 
metabolizes them, however, are unknown. 
By use of high resolution HPLC columns hydrolysis of cis 
retinyl esters by the liver hydrolase has clearly been 
demonstrated. Retinol with the same geometric configuration 
as the substrate was produced, indicating that hydrolysis 
occurred without the substrate first undergoing isomerization 
to the all—trans isomer. 
The same enzymes that hydrolyze all—trans retinyl 
palmitate also act on cis isomers of retinyl palmitate. Rates 
of hydrolysis of cis isomers were 2— to 7—times higher than 
that of the all-trans isomer. This may contribute to the poor 
storage efficiency of cis isomers in the liver (72). 
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Conclusions 
The major research findings described in this thesis are: 
1. Sensitive and reliable iji vitro assays of pig and rat 
liver retinyl ester hydrolase activity were developed. 
2. Pig and rat liver retinyl ester hydrolase activities were 
optimized by different in vitro assay conditions. Thus, 
the retinyl ester hydrolyzing enzyme systems differ 
between species. 
3. CHAPS was superior to sodium cholate in the assay of 
retinyl ester hydrolase inasmuch as: 1) It provided 
optimal activity at a lower concentration with the pig 
enzyme (100 mM versus 200 mM); 2) it stimulated an average 
10-fold higher activity in the rat enzyme and, 3) it 
reduced interanimal variability in rat liver (5-fold 
versus 37-fold). 
4. Optimally stimulated retinyl ester hydrolase activity in 
pigs and rats showed low interanimal variability (3- to 5— 
fold) and no significant correlation with serum or liver 
vitamin A concentrations, which ranged from vitamin A-
depleted to well nourished. Thus, the maximum potential 
of the liver to hydrolyze retinyl esters may not be 
controlled by the vitamin A status of the animal. 
5. Retinyl ester hydrolase activity in lower concentrations 
of detergent and substrate was 3—fold higher in rats with 
vitamin A liver reserves below 10 Mg/g. Thus, as yet 
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unidentified endogenous factors may influence hydrolase 
activity when liver reserves are low. 
6. Pig liver homogenates catalyze the hydrolysis of 13-cis. 
9-cis. and 9.13-cls as well as the all—trans Isomer of 
retinyl palmitate under similar conditions, without prior 
Isomerization to the all-trans form. 
7. At least three soluble liver enzymes with apparent 
molecular weights of l.SXlO^Oa, l.BXlO^Da, and l.SXlO^Da, 
catalyze the hydrolysis both of cis and trans isomers of 
retinyl ester in the liver of pigs. 
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